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EVALUATION  OF  THE THIN DEFORMABLE ACTIVE OPTICS MIRROR CONCEPT 

By Hugh J .  Robertson 

The Perkin-Elmer  Corporation 

1.0 INTRODUCTION 

1.1 OBJECTIVES 

The Ac t ive   Op t i c s   concep t   u s ing  a thin  deformable  mirror   has   been 

success fu l ly   demons t r a t ed   u s ing  a 30" diameter,  1/2" t h i c k   m i r r o r   ( f i g u r e  1-1) 

and a 61 p o i n t  matrix o f   f o r c e s   f o r   a l i g n m e n t  . Many of   the  problems  associ-  

a t e d   w i t h   t h e   d e s i g n ,   f a b r i c a t i o n ,   a n d   l a u n c h   o f   l a r g e   a p e r t u r e   d i f f r a c t i o n -  

l imi ted   as t ronomica l   t e lescopes   have   been   reso lved   and   exper imenta l   da ta   c re -  

a t e d   t h a t   c a n   p r o v i d e   a c c u r a t e   p r e d i c t i o n s   o f   p e r f o r m a n c e   i n   o r b i t .  

* 

The  work tha t   has   been   per formed  under   th i s   cont rac t  was des igned  

t o   f u r t h e r   e v a l u a t e   t h e   p r e s e n t   s y s t e m   t o   d e t e r m i n e  i t s  parameters more com- 

p l e t e l y   i n   o r d e r   t o   f a c i l i t a t e   t h e  optimum d e s i g n   f o r   l a r g e r   a c t i v e   t e l e s c o p e s .  

S p e c i f i c a l l y   t h e   e v a l u a t i o n   i n c l u d e d   t h e   f o l l o w i n g   t a s k s  as d e s i g n   o b j e c t i v e s :  

1. Determina t ion   of   the  maximum degree   o f   con t ro l   poss ib l e  as a 

func t ion   o f   ac tua to r   spac ing .   (The   r ange  of r a d i u s   o f   c u r v a t u r e s  t h a t  t h e  

mirror   can  assume  with a g iven  number of   ac tua tors . )  

2. Exper imen ta l   de t e rmina t ions   o f   mi r ro r   i n f luence   coe f f i c i en t s .  

3 .  Determina t ion   of   the   e f fec ts   o f   thermal   g rad ien ts  on t h e   t h i n  

m i r r o r   a n d   t h e   a b i l i t y   o f   t h e   c o n t r o l   s y s t e m   t o   a c c o m n o d a t e   t h e s e   e f f e c t s .  

4. Determinat ion,   implementat ion,   and  evaluat ion  of   an  actuator  

a r rangement   des igned   to   t ake   advantage   o f   na tura l  modes o f   d e f l e c t i o n  of t h e  

m i r r o r .   I n   p a r t i c u l a r  i t  was d e s i r e d   t o   d e t e r m i n e   t h e  optimum p o s i t i o n i n g  of 

a c t u a t o r s   a n d   d i s t r i b u t i o n  of a c t u a t o r   f o r c e s   i n   o r d e r   t o   m i n i m i z e   t h e  number 

o f   c o n t r o l   c h a n n e l s   r e q u i r e d   a n d   t o   d e c o u p l e   t h e i r   a c t i o n  so as t o  op t imize  

s y s  tem response .  

* 
Reference  No. 1 
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Figure 1-1. 30-Inch  Diameter, T h i n ,  Deformable  Mirror 
and Actuator Assembly 
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5. Determination of the  responme of the  control 
system to step  error  disturbances with and  without 
feedforwards for each  actuator  arrangement. 

6. Determination of  the  degree  to which  localization 

is achieved  using  the  force  patterns  derived  analy- 

tically  under NASA Contract NAS 1-7103. 

1.2 SUMMARY OF RESULTS 

1.2.1 Range  of  Mirror  Control 

The range of radius  of  curvatures  that the active  thin  mirror 
could  assume was investigated  and  the  figure  error  was  plotted  against  change 
in radius  of  curvature using 4 ,  16, and 58 actuators. The mirror  figure was 

observed  to  deteriorate  exponentially as the radius varied  from  the minimum 

error  alignment  position,  at a rate  inversely  proportional  to  the  number of 

actuators used. The 58 actuators  with a maximum  force  capability  of +2 pounds 

were able to change  the  radius  of  curvature  over  a  range  of  approximately  1/2 

inch. The effects of the  changes of curvature on the m 
ability to image  a  pinhole  source  were  documented  using 
photographs  and  pinhole  image  profile  scans. 

rror  figure  and  its 
interferograms,  pinhole 

ents - 
To obtain  accurate  experimental  data on the  30-inch  thin  mirror 

in order  to  provide more  precise  calibration  of  analytical  determination  tech- 

niques, the  mirror  influence  coefficients  were  measured. The mirror  influence 

coefficients  were  determined  experimentally by measuring the  displacement  of 

the  stressed  mirror  at  various  points,  from  interferograms.  The  necessary 
data  was  acquired  and  reduced  to  give  a  full  set of the  individual rows  of  the 
influence  coefficient  matrix. 

1.2.3 T h e m 1  Measurements 

The thermal  effects  induced  by  the  space  environment  and  the 

resulting  optical  performance of a large  aperture  diffraction  limited  system 

3 



is  a  major problemareathat bears more detailed  analytical  and  experimental 

investigation.  Once  the  anticipated  temperature  and  temperature  changes  have 

been  established, the resulting  effect on performance  can  be  predicted  and 

proper  open  or  cLosed  loop  compensation  can  be  designed  into  the  system  and/or 

spacecraft. As yet, however,  no  complete  analytical  solution  to  the  thermo- 

elastic  problem in large  primary  mirrors  has  been  developed.  Among  other  things, 

the  solution  requires  the  development  of  mathematical  models of complex  mirror 

structures.  This  represents  a  tedious,  time-consuming  and  extremely  complex 
analytical  problem  and  can  best  be  handled  via  suitable  approximations  once 

parameters  can  be  experimentally  determined. 

The thermal  program  was  undertaken  to  experimentally  determine 

figure  degradation  and  focus  shifts  resulting  from  various  thermal  inputs  to 

a  thin,  30-inch  diameter,  1/2-inch thick  deformable  mirror. The induced  thermo- 

elastic  deformations  of  a  30-inch  diameter,  1/2-inch  thick,  fused  silica  pri- 

mary  mirror  were  recorded  with  a  phase  measurement  interferometer,and  the  ability 

of the  active  control  system  to  maintain  alignment  in  the  presence  of  thermal 

gradients  was  assessed.  Various  thermaL  patterns  were  developed  in  the  test 
mirror  by  26  electric  heater  pads  located at  the  mirror  back  and  edge surfaces. 
The temperatures  at  the  mirror  surfaces  were  measured  by  approximately 105 
five-mil  thermocouples  that  were  attached to the  mirror. The tests  were  con- 

ducted in a  horizontal  vacuum  tank  with  the  mirror  supported in the Active 

Optics  System to simulate  the  gravity-free  environment  experienced in space. 

The results of the thermal  measurements  show  that  localized 

gradients  generated  by  small  area  heat sources on the  back  of  the mirror  pro- 

duce  localized  deformations.  It  should be possible  to  predict  the  effect of 

distributed  gradients  of low spatial  frequency  by  linear  superposition  of  the 

deformations due to localized  gradients  that  add  up  to  the  distributed  gradient. 

1 .2 .4  Modal  Control  Using  Natural  Modes of  Mirror  Vibration 
.~~ ~ . 

Using  the modal  control  approach*  the  final  figure  error of a 

deformable  mirror  with  a  given actwtor configuration in an active  control 

system,  can be  decreased  relative  to  the  final  error  achieved  by  the  technique 
*Reference No. 2 4 



o f   n u l l i n g   t h e   f i g u r e   e r r o r  i n  t h e   v i c i n i t y  o f   each   ac tua to r .  The c o r o l l a r y  

t o   t h i s  i s  t h a t   t h e  number o f   a c t u a t o r s   r e q u i r e d   t o   r e d u c e   a n   i n i t i a l   f i g u r e  

e r r o r  a s p e c i f i c  amount t o   r e a c h  a g i v e n   d e s i g n   f i g u r e   e r r o r   c a n   b e   s i g n i f i -  

c a n t l y  less f o r  a modal c o n t r o l   s y s t e m   t h a n   f o r  a s t r a i g h t   n u l l i n g   s y s t e m .  

The  technique  of   modal   control  was i n v e s t i g a t e d   u s i n g   t h e   n a t u r a l  

mdes   o f   v ib ra t ion   o f   t he   mi r ro r  as an   o r thogona l  set. Ana lye ie   o f   t he   na tu ra l  

v i b r a t i o n a l  modes of a mir ror   s imply   suppor ted  a t  t h r e e   p o i n t s   y i e l d e d   s o l u t i o n s  

t h a t  showed  good  agreement  with  modal  contours  experimentally  observed  by t i m e  

lapse  holography.  The i n i t i a l   f i g u r e   e r r o r   o f   t h e   3 0 - i n c h   t h i n   m i r r o r  was 

a n a l y z e d   i n  terms of   the   v ibra t iona l   modes ,   and  t h e  number and   loca t ion   of  

a c t u a t o r s   r e q u i r e d   t o   r e d u c e  t h e  l a r g e s t  modal  components was i n v e s t i g a t e d .  

Because  of   the  complexi ty   of   the   problem  for   any  large number 

of a c t u a t o r s ,  a l i m i t e d  number of ac tua to r   and   s enso r   po in t s  were s e l e c t e d   t o  

demonstrate  the  performance  of t h e  con t ro l   app roach .  The c o n t r o l l e r   f o r  a 

four   actuator   and  seven  sensor   point   arrangement  w a s  t e s t e d , a n d   t h e  resu l t s  

e s t a b l i s h e d   t h a t   t h e  modal control   approach  performs as p r e d i c t e d .  

1.2.5 c o a r o l  %st= Response t o   S t e p   E r r o r   D i s t u r b a n c e s  

The cont ro l   sys tem  response  w a s  i n v e s t i g a t e d   u s i n g   s t e p   e r r o r s  

i n t r o d u c e d   a t   i n d i v i d u a l   a c t u a t o r s   a n d   s t e p   e r r o r s   i n t r o d u c e d   i n  t h e  a x i a l  

spac ing   be tween  mir ror   and   f igure   sensor .   Er rors  were a p p l i e d   t o   t h e  s y s t e m  

fo r   s t r a igh t   pa ra l l e l   con t ro l ,   f eed fo rward   decoup l ing ,   and  modal con t ro l   con -  

f i g u r a t i o n s .  

1 .2 .6   Feedforward  Local izat ion 

The d e g r e e   t o   w h i c h   l o c a l i z a t i o n  was achieved  using  the  19 

po in t   fo rce   pa t t e rns   gena ra t cd   unde r  NAS 1-7103 was i n v e s t i g a t e d .  It was 

f o u n d   t h a t   t h e   f o r c e   p a t t e r n s  were no tbe ing   ach ieved   due   t o   ac tua to r   dead  

zones .   Readjus tment   o f   d r iv ing   po in t   res i s tance   va lues   p rovided  a very   h igh  

degree   o f   l oca l i za t ion ,   haveve r ,  by p roduc ing   s even-po in t   fo rce   pa t t e rns .  

5 



2 .O RANGE OF MIRROR CONTROL 

It  might be desirable for  some applications for an active  system  to 

be  able  to  change  the  radius  of  curvature  of  the  mirrur,  possibly  enough to 

produce  a  more  useful aepherto sur€ace. As will be shown, a  spherical  profile 
can be  maintained  over  a  range  of  radii. The exact  range  that  can  be  obtained 

with  a  given  number  of  actuators  before  the  mirror  figure  deteriorates  as a 

result  of  a  buildup  of  excessive  ripple  between  the  actuators  was  investigated. 

The  performance  of  the  mirror  as it approaches  the  limits  of  control was evaluated 

primarily  from  interferograms  and  scanning  of  the  pinhole  image. 

The pinhole  image  scanner,  shown in figure 2-1, consists  of a high 

power  microscope  objective  which  enlarges  the  image  and  refocuses  it  on  a  pin- 

hole. A motor  driven  micrometer  moves  this  pinhole  across the image,  with  the 

transmitted  light  entering a photomultiplier  tube. A chart  recorder  records 

the  photomultiplier  output.  Repeated  scans  provide an accurate  mapping  of  the 

image  intensity  profile. 

A low power objective,  beamsplitter, and eyepiece is  used to view 

the  image  by  eye  and  allow  coarse  alignment  of  the  pinhole. A field  lens  in 

front of the  photomultiplier  assures  that  the  light  entering  the  tube  will  al- 

ways fall on the  same  part  of  the  tube  face,  eliminating  the  effect  of  non-uniform 

response  of  the  photocathode. 

The  pinhole  is  removable  to  allow  viewing  the  whole  image  and  also 

to  permit  different  sized  pinholes  to be used. 

The figure  error  of  the  mirror  is  a  minimum  at  only  one  axial  position. 

This  position  was  found  by  computer  analysis  of  straight-fringe  interferograms 

taken  with  the  mirror  aligned  at  different  points  throughout  the  focus  range  of 

the  system. This  was  done  first  with  the  whole  system  of 58 actuators  operating. 

After  the  best-focus  position  was  established,  the  mirror  was  aligned  at  that 

position and  the  focus was  again  changed  with  only 16 actuators  active  and  finally 

with only  four  actuators. 
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Figure 2-1. Scanner, Optical  Schematic Diagram 
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The rms f i g u r e   e r r o r   o b s e r v e d  i s  p l o t t e d   v e r s u s   t h e   c h a n g e   i n   r a d i u s  

o f   cu rva tu re   o f   t he   t h in   mi r ro r ,   p roduced   w i th  58, 16,  and 4 a c t u a t o r s ,   i n   f i g -  

u r e  2-2. The ra te  of de t e r io ra t ion   can   be   s een   t o   be   approx ima te ly   i nve r se ly  

p r o p o r t i o n a l   t o   t h e  number o f   a c t u a t o r s   c o n t r o l l i n g ,  as might   be  expected  s imply 

from Bemetrical c o n s i d e r a t i o n   o f   t h e   s p a c i n g   b e t w e e n   a c t u a t o r s .  

The asynmetry o f   t he   cu rves  i s  p r o b a b l y   d u e   t o   t h e   i n i t i a l   f i g u r e  

e r ro r   o f   t he   mi r ro r   wh ich   has  a d i f f e r e n t   r a d i u s   i n  t h e  cent ra l   zone   of  t h e  

mi r ro r   t han   i n   t he   ou te r   zone  so t h a t   t h e   b e s t   f i t s   f o r   t h e s e   z o n e s  may occur 

a t  d i f f e r e n t   a x i a l   l o c a t i o n s   o f   t h e   m i r r o r .  

The s p r i n g   c o n s t a n t   o f   t h e   c e n t r a l   a c t u a t o r  was i n c r e a s e d   t o   e x t e n d  

t h e   r a n g e   o f   r a d i i   a v a i l a b l e .  However, t h e   f o r c e   r a n g e  of p e r i p h e r a l   a c t u a t o r s  

was s t i l l  n o t   s u f f i c i e n t   t o  carry the   change   in  r a d i u s  t o   t h e  same l e v e l   o f  

d e t e r i o r a t i o n   o n   b o t h   s i d e s   o f   t h e   b e s t   f i g u r e   l o c a t i o n   f o r   t h e   c a s e   o f   t h e  58 

a c t u a t o r   c o n t r o l .  

Because  of  the t i m e  r e q u i r e d   t o   p r o c e s s   a n d   a n a l y z e   i n t e r f e r o g r a m s ,  

ano the r  method  of   qu ick ly   eva lua t ing   the   mir ror   f igure  was a l s o   u s e d .  T h i s  i nvo lved  

using  the  image  scanner   to   record t h e  i n t e n s i t y   p r o f i l e  of a po in t   sou rce  imaged 

by t h e  m i r r o r .  A number of  these  scans,   with  photographs  of  the  image  and  asso- 

c i a t ed   i n t e r f e rog rams   t aken   unde r   t he  same o r   s i m i l a r   c o n d i t i o n s ,   a r e  shown i n  

f i g u r e s  2-3 through 2 - 9 ,  

A s  can   be   s een   i n   t he   i n t e r f e rog rams ,   and   t he   p inho le   pho tos   and  

p r o f i l e s ,  t h e  e r r o r s   o c c u r   i n   h e x a g o n a l   p a t t e r n s   a s  a result  o f   t he   ac tua to r  

l o c a t i o n   p a t t e r n ,   a n d  a l a r g e   p a r t   o f   t h e   e r r o r   c a n   b e   a t t r i b u t e d   t o   t h e   u n c o n -  

t r o l l e d   a r e a   a t  t h e  mir ror   edges .  

The image q u a l i t y   v a r i e s   g r e a t l y  as t h e  mir ror   f igure   changes   and ,  

f o r  small degrada t ions  (< - 1 rms) , 1 
8 
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Figure 2-3 Pinhole Image Profile Scans a t  Best Mirror 
Alignment with 58 Actuators 



Figure 2-4. Interferogram, Pinhole Image,  and Pinhole Image Scans for Best 
Mirror  Alignment with 58 Actuators (Scale in Center 1/10 Scale 
of Rest of Image Scans) 



Figure 2-5. Interferogram, Pinhole Image, and Pinhole Image Scans fo,r Mirror Aligned with 58 
Actuators, 0.100" from Position of Best Alignment (Scale in Center 1/10 Scale of 
Rest  of Image Scans)  

~~ " 



Figure 2-4. Interferogram, Pinhole Image, and Pinhole Image Scans for Best 
Mirror  Alignment with 58 Actuators  (Scale i n  Center 1/10 Scale 
of Rest of Image Scans) 



Figure 2-5. Interferogram, Pinhole Image, and Pinhole Image Scans fo.r Mirror Aligned with 58 
Actuators, O.lOO' fromPosition of Best Alignment (Scale in Center 1/10 Scale of 
Rest  of Image Scans)  

" 



Figure 2-7. Interferogram,  Pinhole Image, and  Pinhole Image Scans  for   Mirror  
Aligned  with 16 Actuators,  0.050" from P o s i t i o n  of Best Alignment 
(Sca le   in   Center  1/10 Scale  of Rest of  Image) 



Figure 2-6. Interferogram,  Pinhole Image,  and Pinhole Image Scans for  Mirror  Aligned 
with 58 Actuators, 0.225'' from Pos i t ion  of Best  Alignment  (Scale i n  
Center 1/10 Scale of Rest of Image Scan) 



Figure 2-8. Interferogram,  Pinhole Image, and  Pinhole Image Scans  for   Mirror  Aligned 
with 4 Actuators,  0.015" from P o s i t i o n  of Best Alignment  (Scale  in 
Center 1/10 Scale  of Rest of Image) 



Figure  2-9. Interferogram,  Pinhole  Image,  and Pinhole  Image Scans   for   Mir ror  
Aligned  with 4 Actuators ,  0.030'' f rom  Posi t ion of Best  Alignment 
(Scale  i n  Center  1/10 Sca le  of Rest of Image) 



where Im = maximum i n t e n s i t y  at center of image  normalized t o  

t h a t  of a perfect image 

.r 
= r m s  deformatfun CQ€ m t r r o r  s u r f a c e s  

Thus, changes  i n  t h e  m 5 r r o r  error can b,e de te rmined   r a the r  qufckly 

by mon i to r ing  the p e a k   i n t e n s i t y  of t h e  po>imt source  image.   This   assumes,  

however ,   t ha t  the total  i n t e n s i t y  i s  a l s o  known a t  a l l  times. For t h e   p r e s e n t  

scans,, t h e   i n t e n s i t y  a€ t h e   s o u r c e   i l l u m i n a t i n g   t h e   p i n h o l e  ( H e - N e  l a s e r )  was 

assumed to, be c o n s t a n t   a l t h o u g h  i t  a p p e a r s   t h a t  i t  did change   over   long   per iods  

o'f tfme, For f u t u r e   a n a l y s i s  a means  of measuring the t o t a l   i n t e n s i t y   c o u l d   b e  

added t o  p rov ide  m o r e  c p a n t i t a t i v e   i n f o m t i o t z -  
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3 .O EXPERIMENTAL DETERMINATION OF  INFLUENCE COEFFICI% 

I n f l u e n c e   c o e f f i c i e n t s   f o r   t h e   3 0 - i n c h   t h i n   m i r r o r  were p r e v i o u s l y  

o b t a i n e d   a n a l y t i c a l l y   f r o m  a s t r u c t u r a l   a n a l y s i s   p r o g r a m  (SAMIS);'<, These  in-  

f l u e n c e   c o e f f i c i e n t s  had   never   been   cor robora ted   exper imenta l ly   a l though there  

was good r e a s o n   t o   b e l i e v e   t h a t   t h e y  were r e a s o n a b l y   a c c u r a t e   s i n c e  a comparison 

of  c a l c u l a t e d  and   measu red   i n f luence   coe f f i c i en t s   fo r  a s c a l e d  model had shown 

good  agreement. I t  was now p o s s i b l e ,   h o w e v e r ,   t o  make measu remen t s   o f   t he   s t a t i c  

de f l ec t ions   o f   t he   30 - inch -d iame te r ,   112- inch - th i ck   mi r ro r   i nc lud ing   t he   e f f ec t s  

o f   t he   moun t ing   s t ruc tu re ,   t he   moun t ing   pads ,   and   t he   o the r   ac tua to r s .  

The inf luence   coef f ic ien ts   were   measured   f rom  in te r fe rograms  of   the  

mir ror   ob ta ined   us ing   the   phase   measurement   in te r fe rometer .  T h e  mi r ro r  was 

f i r s t   a l i g n e d   u s i n g   t h e   A c t i v e   O p t i c s   c l o s e d   l o o p   c o n t r o l   s y s t e m .  T h e  c o n t r o l  

system was turned  off  and  then t h e  mi r ro r  was s t r e s s e d  by apply ing  a f o r c e  a t  

one a c t u a t o r   p o i n t .  T h e   d i s p l a c e m e n t   a t   a l l   p o i n t s   o f   t h e   m i r r o r  w i t h  r e s p e c t  

t o  any   r e fe rence   po in t  on the   mi r ro r   were   measu red   d i r ec t ly   f rom  the   i n t e r f e ro -  
n 

gram, i n   f r i n g e s   a n d   f r a c t i o n s  of a f r i n g e   o f  t h e  63288 l i g h t   u s e d   t o   o b t a i n  

the   i n t e r f e rog ram.  

F igure  3-1  shows the   i n t e r f e rog ram  ob ta ined  by d i s p l a c i n g   t h e   c e n t e r  

a c t u a t o r  so a s   t o   change   t he   fo rce  i t  a p p l i e s  by t h r e e  pounds   w i th   r e spec t   t o  

t h e   a l i g n e d   c o n d i t i o n .  The i n t e r f e r e n c e   p a t t e r n   f o r   t h e   i n t e r f e r o g r a m  shown 

was ad jus t ed   t o   pu t   t he   t h ree   suppor t   po in t s   i n   app rox ima te ly   t he  same phase   t o  

f a c i l i t a t e   c o m p a r i s o n   o f   t h e   m i r r o r   d e f l e c t i o n s   w i t h   t h e   c a l c u l a t e d   v a l u e s ,  

s i n c e  t h e  c a l c u l a t e d   v a l u e s   a s s u m e   t h a t   t h e   s u p p o r t   p o i n t s   a r e   p e r f e c t l y   r i g i d  

and  have  zero  displacement.  T h i s  i s  no t   exac t ly  t h e  c a s e   i n   p r a c t i c e ,   a n d  t h e  

s u p p o r t   p o i n t s   a c t u a l l y  show some d i s p l a c e m e n t   w i t h   r e s p e c t   t o   t h e   r e f e r e n c e .  

D i f f e r e n t   r e a c t i o n   s u p p o r t   a r r a n g e m e n t s   t o   i n c r e a s e   t h e   s t i f f n e s s   a t   t h e s e  

po in t s   have   been   i nves t iga t ed .  

$:Reference No. 3 



Figure   3 -1 .   In te r fe rogram of Mi r ro r   w i th  3-Pound Force  Applied 
a t   C e n t e r   a f t e r   A l i g n m e n t  
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An attempt  was  made to  obtain a  measurement of the  forces  required 

to obtain  local  mirror  deflections,for  comparison  with  the  calculated  stiffness 

coefficient  matrix. The mirror  was first aligned  with the Active  Optics  closed 

loop control  system.  One  channel  at  a  time  was  then  opened  and  the  mirror  was 

driven  out  of  alignment  at  the  corresponding  actuator  while  alignment at  all 

other  points was maintained. The change  in  actuator  forces  should  give  the 

forces  required to obtain  a local  displacement  and  can  be  determined  from  the 

change  in  displacement  of  the  actuator  nuts. A linear  potentiometer  attached 

to each  actuator  provides  the  actuator  nut  displacement  measurement.  A  set of 

forces  for  a  local  displacement  at  one  point  provides  the  stiffness  coefficients 

for  one column  of the stiffness  matrix. A set of forces  for a local  displace- 

ment of one  fringe  at  the  center  point  of  the  mirror  is  shown  in  figure 3-2 . 
It was  found,  however, that it was very difficult to obtain  reproducible  re- 
sults  for  any  one  column  of  the  stiffness  matrix.  This  is  believed to be due 

to dead zones  in  the  actuators due to friction  and  even  though  the  dead  zones 

are  equivalent to less  than +1/200 wavelength  in their  effect on nulling  at 

any  one actuator, they still  allow for  different  sets of  forces  and  their cor- 

responding  stiffness  coefficients.  This  effect  is  discussed  further  in  Section 
6.0. 

Figure 3-1 shows  the  interferogram  for  the  deflection  due to a 
centrally  applied  force.  Figure 3-3 shows  typical  interferograms  at  other lo- 

cations  for an applied  force  of  one  pound.  Figure 3-4 shows  the  locations  at 

which the  force  is  being  applied  in  figure 3-3.  The actuator  numbering  code 

used  here  is shown in figure 3-5. 

The  displacement of the  mirror  measured  at  all  the  actuator  locations 

gives the  influence  coefficients  for  those  locations.  The  displacement  at  any 

particular  point  is  measured  with  respect  to  a  reference  point  by  counting  the 

number of fringes  and  fractions  of  a  fringe  between it and  the  reference  point. 

The three  mirror  support  points  located  at  120-degree  intervals  around  the  mir- 

ror  edge  are  taken to be  in  the zero  displacement  reference  plane  and  the inter- 

ferometer  is  aligned in tilt to put  these  three  points  as closely  as  possible 
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Figure 3-2. St i f fness   Coef f ic ien ts   (For   Loca l   Disp lacement   a t   Center  of Mirror) 



Figure  3-3 .  Interferograms of Mirror Deformed by One Pound Force 
a t  Various  Actuator   Locat ions 



Figure 3-4. Actuator  Locations  at  Which  One Pound Force is Applied in Figure 3-3 
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Figure 3-5. Typical  Influence  Coefficient Reduction from Interferogram 



a t   e q u a l   p h a s e   i n  t h e  i n t e r f e rog rams .  T h e  d i sp lacement  COi ln t ed  i n   f r i n g e s  is  

conve r t ed   t o   mic ro inches  by t h e   r e l a t i o n   o n e   f r i n g e   e q u a l s  12.46 micro inches .  

Figtlre 3-5 i s  a s e t  of   in f luence   Coeff ic ien ts   measured  f o r  t h e  mirror deforma- 

t i o n  shown i n  frame 6 of  fi.grlre 3-3  f o r  a f o r c e   a p p l i e d   a t   p o i n t  n o .  1 7 .  The 

de fo rma t ions   a r e   g iven  i n  f r i n g e s   o f  6328A l i g h t   a n d   i n   m i c r o i n c h e s  and r ep re -  

sen t   an   average  o f  measurements   f rom  three  interferograms.   Further   averaging 

was p o s s i b l e   i n  some instances  due  to   symmetry.   The  averaging  tends  to   reduce 

t h e  e f f e c t  dt le  t o   e r r o r s   i n   t h e   i n i t i a l   a l i g n m e n t   a n d   d i f f e r e n c e s   i n  t h e  

a t t u a t o r   s p r i n g   c o n s t a n t s .  The  one-pound f o r c e   i n   e a c h   c a s e  i s  a p p l i e d  by d i s -  

p l a c i n g  t h e  a c t u a t o r   s p r i n g  a s p e c i f i c   d i s t a n c e   a n d   s i n c e   a l l  t h e  spr ings   do  

not   have   exac t ly  t h e  same s p r i n g  c o n s t a n t ,  there  was some v a r i a t i o n  i n  t h e  

a c t u a l   f o r c e   a p p l i e d .  

0 

The se t  o f   i n f l u e n c e   c o e f f i c i e n t s  shown i n   f i g u r e  3-5 r e p r e s e n t s   m e  

row o f   t he   i n f luence   coe f f i c i en t   ma t r ix   and   f rom symmetry  can  represent   several  

o t h e r  rows  of t he   ma t r ix  by  appropr ia te   changes   o f   coord ina tes .  

A f u l l  set o f   i n f l u e n c e   c o e f f i c i e n t s   a s   r e q u i r e d   t o   p r o d u c e  a complete 

m a t r i x  w a s   o b t a i n e d .   I n c o n s i s t e n c i e s   d u e   t o   d i f f e r e n c e s   i n   t h e   s p r i n g   c o n s t a n t s  

were compensated  for,   after  m2asurement of the s p r i n g   c o n s t a n t s ,   i n   t h e   f i n a l  

m a t r i x  rows  which  are shown i n   F i g u r e s  3-6 (a )   th rough 3-6 (n ) .  There a r e  o n l y  

14 nonredundant   rows,   and  the  actuator   locat ions  (according  to   the  numbering 

arrangement shown i n   f i g u r e  5-5) t o  which   each   of   the   rows   appl ies  i s  g iven  i n  

the t i t l e  of each   f i gu re .  The  number of t h e   a c t u a t o r   a t   w h i c h  the f o r c e  i s  

a p p l i e d   g i v e s  the f i r s t   s u b s c r i p t   f o r  the i n f l u e n c e   c o e f f i c i e n t s   i n  the m a t r i x  

row. The number of t h e   a c t u a t o r   l o c a t i o n   a t   w h i c h  the m i r r o r   d e f l e c t i o n  i s  ob- 

s e r v e d   g i v e s   t h e   s e c o n d   s u b s c r i p t   i d e n t i f y i n g  the i n f luence   coe f f i c i en t   co lumn.  
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Fi;i ,ure  3-6(a).   Measured  Influence  Coefficients  (Microinches  Per  Pound)  For 
Force  Applied a t   A c t u a t o r  #20 ( P e r  # Arr. Shown i n   F i g u r e  5-5) 

26 



a 1 5 0 . 1   a 1 0 6 . 7   a 7 0 . 4   a 3 4 . 0  0 0  

a 1 3 5 . 8   a 1 0 2 . 4  e 7 3 . 0   a 4 2 . 5   a 1 7 . 2   a - 1 1 . 6  

a 1 1 5 . 8   a 9 2 . 2   a 6 9 . 8  45 .2   a29 .7  6 . 2   a - 1 4 . 5  
1 Pound Force 
Applied Here 

l a  7 7 . 6   a 6 8 . 1  a 5 6 . 2  a 39.6 a 2 8 . 3  1 4 . 0  a - 1 . 4  -17 .5  

R e a i t i o n  
Support  a - 2 7 . 9  a - 3 . 1  a 7 . 6  a 9 . 7   ' 9 . 3  5 . 6  a 0 . 6  a - 7 . 0  
Poin t  (3 )  

-55 .9  - 3 3 . 4  -18.0 - 7 . 8  - 1 . 2  2 . 7  

- 6 4 . 0  -39 .2 '   -48 .9 .  - 9 . 5 0  0 

Figure  3-6 (b) .  Measured  Inf luence  Coeff ic ients   (Microinches  Per   Pound)For  
F o r c e   A p p l i e d   a t   A c t u a t o r  #1, 3,  43,  51, 52, o r  58 
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Figure  3 - 6 ( c ) .  Measured  Inf luence  Coeff ic ients   (Microinches  Per   Pound)   for  
Force  Applied a t  A c t u a t o r  2, 44, o r  50 
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e -87.0 l -52.7  -29.6 l -15.3 l -4.3 l -0.1 e 

e -98.1 l -62.8. -37.5 l -16.40 0 

Figure  3-6(d). Mcarured Influence  Coefficient8  (Microinches Per  Pound) for 
Force A p p l i e d  a t  Actuator 4, 8, 34,  38,  53, or 57 
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Figure  3-6(e).   Measured  Influence  Coefficients  (Microinches  Per Pound) for  
Force  Applied  a t   Actuator  5, 7,  36,  42,  45, or  49 
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Figure 3 - 6 ( f ) .  Measured Influence  Coefficient  (Microinches Per Pound) for 
Force Applied at Actuator 6, 37, o r  41 
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Figure  3-6(g). Measured   In f luence   Coef f i c i en t s   (Mic ro inches   Pe r  Pound) f o r  
Force  Applied a t   A c t u a t o r  9, 15, 25, 33, 54, or 56 
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0 268.5 202.1 0 139.5 0 69.3 @ 0 

1 Pound Force 
A p p l i e d  Here 

\ 225.5 0 191.5 153.8 92.1 37.1 -17.8 

169.1 164.7 136.5 91.0 56.1 13.6 -18.4 
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-34.6.  -4.7 10.0 . 15.2 . 12.7 . 0.7  . -8.4 

-53.2.  28.9 0 -13.2, - 4 . 2 0  0 

Figure 3-6(h).  Measured Influence  Coefficients  (Microinches Per  Pound) for 
Force  Applied a t  Actuator 10, 14, 26, 32,  46, or 48 
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82.3 62.0 0 38.7 016.4 -8.0 

0 10.4 31.9 39.3 0 38.5 30.4 18.4 0 4.3 

0 9.5 23.9 28.2 24.3 16.2 4.2 

Figure 3-6(1). Measured Inf luence   Coef f i c i ent s   (Micro inches  Per  Pound) for 
Force A p p l i e d  at   Actuator 11, 13,  27,  31, 35, or 40 
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Figure   3 -6 ( j ) .  Measured Inf luence   Coeff ic ients   (Microinches  Per Pound) for 
Force A p p l i e d  a t  Actuators  12,  28,  or 30 
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Support \ 
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\ 
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0 0 0 0 -1.7 -8.3 
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Figure 3-6(k). Measured Inf luence   Coeff ic ients   (Microinches  Per  Pound) for  
Force A p p l i e d  a t  Actuator 16,  24, or 55 
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Figure 3-6(1). Measured Influence  Coefficients  (Microinches Per Pound) 
for Force  Applied a t  Actuator 17,  23, or 47 
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Figure 3-6(m). Measured  Influence Coefficients  (Micrometers  Per Pound)  for 
Force Applied  to Actuator 18, 22, or 39 
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F igure   3 -6(n) .   Measured   Inf luence   Coeff ic ien ts   (Micro inches   Per  Pound) f o r  
Force   App l i ed   a t   Ac tua to r s   19 ,  21, or 29 
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4 .O THERMAL MEASUREMENTS 

The Active  Optics  system in space will be  su.bject  to  thermal 
disturbances  due  to  many  heat  sources,  such  as  the  sun's  irradiation on the 

primary  mirror or on the  side of the  telescope,and  electrical  and mechanical 

components  being  heated  during  operation. The thermal  disturbances  will  cause 

distortion  of the mirror  figure, and  the function  of  the  Active  Optics  system 

is  to  correct  for distortions and maintain the performance of  the  diffraction- 

limited  optics. 

The  object  of  the  thermal  tests  was  to  investigate  the  performance 

of  the Active  Optics  system in the  presence  of  thermal  disturbances  and  to 

determine  the  response  of  the  thin  mirror  to  various  applied  thermal  gradients. 
In  the experiment,  a  given  set  of thermal gradient  profiles  was  imposed  on  the 

back surface  of  the  mirror , and  for  each  of  the profiles  the  effects  of  these 
gradients on the curvature of the  mirror  were  observed and measured  quantita- 

tively with  the  phase  measurement  interferometer  both  with  and  without  active 

control, and the  ability of  the  closed  loop  control  system  to  maintain  the 

mirror  figure  was  assessed. In this  approach  the  laboratory  environment  does 

not  affect  the experimental  results  because  the  experimental  data  for  a  given 

temperature  distribution on the  mirror  are  independent  of  the  pressure of the 

test tank, the ambient  temperature  of  the  laboratory,  the  size and  geometry 

of  the  test setup, and  the  various  thermal  transfer mechanisms  by  which  the 
given  temperature  distribution on the  mirror  is  finally  achieved. 

The  set  of  thermal  gradient  profiles  that  were  to  be  imposed  on 

the  mirror  consisted  of simple and  basic  profiles such as a  constant or linear 

or radialgradient,  as  shown in figure 4-L(a), and  localized  thermal  gradients 

produced  by  heat  applied at  small  areas on the back  of  the  mirror  as  shown in 

figure 4-l(b). It was  assumed  that  most  arbitrary  thermal  distributions  can 

be  considered  as  linear combinations of  these  basic profiles  and that  the re- 

sulting  mirror  deformation is  the sum of the  deformations  due to the  basic 

thermal  profiles. In practice, the  distributed  thermal  profiles shown in 
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figure 4-l(a) were  difficult  to  obtain  as  uniformly  as  desired S O  that some 

smoothing  was  required by averaging  measurements  around  the  axes  of  symmetry. 

The design of the  heating  blanket  used  to  produce  the  desired 

thermal  gradients  is  shown  in  figure 4-2 and  the design  of the  guard  heater 

is shown in figure  4-3. The guard  heater  is  located  around  the  edge  of  the 

mirror  to  maintain  distributed  gradients  that  might  otherwise  be  difficult to 

obtain  because  of  heat  loss to the  test  tank which is  very  close  and is essen- 

tially a  room  temperature  heat  sink.  The  heating  blanket  and  guard  heater 

consist  of  many  independently  heated  regions in which  the  temperature  is  con- 

trolled to achieve  the  desired  temperature  distribution on the  mirror  surface. 

The  heating  pads  are  several  layers  of  silicon  rubber that enclose  heating 

elements in separate  regions,  and the  nominal  power dissipation is 1 watt per 

square inch. The  temperature  measurements  were  made by 5 mil  cu/constantan 
thermocouples  and  thermistors,  achieving an accuracy  of 0 . 1 O C  differential 

temperature. 

The thermocouples  were  attached  to  the  front  and  back  surfaces  of 

the  mirror  by a  patch of pressure  sensitive  aluminum  tape  which  equalizes  the 

temperature  of  the  surrounding  area  of  the  thermocouple to the  mirror  surface 

temperature. The  thermocouple  readings  were  made  by  a  Leeds-Northrop K - 5  

potentiometer  with  a  melting  ice  thermal  bath  as  the  reference. A test  panel 

was  constructed to facilitate  the  sampling  of  the  thermocouples. 

Some  items  of  interest  that  were  considered in connection with 
the  thermal  test  include  the  effects  of  the  pressure,  the  radiation,  and  the 

profiles  of  the  thermal  gradient. 

In the  actual  space  environment  the  maximum  pressure  will  be 10 - 6  

torr  for  150-Km altitude and will be  lower at higher altitude (see  figure 4 - 4 ) .  

The  effect  of  the  presence  of  higher  pressure  near  the  surface  of  the  mirror 

in  the  experiment is to  introduce  larger  convection  heat  transfer  and,  thereby, 

to  increase  the  total  heat flow  rate. The simplified  analysis  of  the  free 

convection  heat  transfer  for  the  vertical  plane  indicates  that 
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Figure 5-3. Circumference  Heater Blanket - Deformable Mirror 
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where Nuselt’s number 

Grashof  number 

Prandtl  number 

Pressure 

;f (X) and @ (x) = sine  functions of  x 

Therefore, the  free convection  heat  transfer  coefficient  is  approximately 
proportional  to  the  square  root of  the  pressure  (figure 4 - 5 ) .  As the  pressure 

is  decreased in the experiment,  the  localization of the  temperature  gradients 
becomes  easier  to  maintain  until  the  effect  of  the  pressure  becomes  negligible 

compared  with  the  radiation  heat  transfer  through  the  vacuum  tank  wall. 

The  advantage of testing  the Active  Optics  system for a  given 
temperature  distribution was that  the measurement  data  were not dependent on 

the  pressure  or  the radiation heat  transfer  through  the black  walls of the 

test  tank. 

4.1 THERMAL  INSTRUMENTATION 

Five-mil  copper/constantan  thermocouples  were  attached  to  the 

front  and back  surfaces of the mirror  to  measure  the  thermal  contours  produced. 

Figure 4-6 and 4-7 show  the  thermocouple  distribution on the back and front 

surfaces  of  the  mirror,  respectively.  The  thermocouples  were  covered by small 

patches  of  pressure  sensitive  aluminum  tape to help make good  thermal  contact 

with the  mirror. E i g h t  more  thermocouples,  which do not show in figure 4-6 
and 4-7 were  spaced  at  equal  intervals  around  the  edge  of  the  mirror. 
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Figure  4-5, Recommended Correlation  for Free Convection 
Around Vertical Plane  Surfaces. 
(From W . H .  Mddams, Heat Transmission, 
3rd ed . ,  New York, McGraw-Hill, 1954.) 
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Figure 4-6. Thermocouple  Arrangement  on Back of 30 Inch  Mirror 
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Figure 4-7. Thermocouple Arrangement  on Front of 30 Inch Mirror 
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On  the  back o f  the  mirror,  over  the  thermocouples,  the  heating 

blanket was cemented in place  using  contact  cement. The arrangement  and  orien- 
tation o f  the  heating  zones  and  the  thermocouple  numbering  arrangement  are 

shown  in  figrlre 4-8 .  The guard  strip  which  is  divided into four  equal  heating 

zones was cemented in place  over  the  thermocouples  around  the  mirror  edge. 

Thermistors  were  attached  to  each  heating  zone  to  monitor  the  individual  zones 

for  use  in  automatically  maintaining  stead  temperature  levels. 

Several  layers  of  superinsulation  were  placed  between  the  heating 

blankets  and  the  backing  plate in order  to  reduce  heat loss from  the  blanket 
to  the  backing  plate  and  to  isolate  the  mirror  from  the  heating  effects  of  the 

actuator  motors, 

Twenty-six  heaters  were  spatially  arrayed on the mirror  and  indi- 

vidually  held  via  associated  thermiator  sensors  to  desired  set  temperatures. 

Accurate  determination o f  mirror  temperature was accomplished  by  means  of  the 

array of thermocouples  attached  to  the  mirror  front  and  back  surfaces  and  its 

edge.  Figure 4 - 9 .  a view  of  the  associated  control  panel.  shows  the  thermo- 

couple  jack  panel  on  the  left. The right-hand  half  of  the  panel  pictorially 

presents  the  shape  and  location  of  the  individual  heaters  as  they  would  appear 

when  the  rear of the mirror is  viewed.  Heater No. 1, for  example  is  pie-shaped 
and  located  just  below  the  center  of  the  mirror. As i s  apparent  from  the  figrlre, 

the  heater  locations  are  panel  designated  by  numbers  appearing on the  white 

squares.  The positic?ns  of  the  various  thermocouples are designated  by  the 

other  numbers.  All  numbers  are  on  nveraly  sheets  that  can  be  lifted  to  permit 

a c c e s s  to  the  temperature  set  potentiometers,  which  are  mounted  to  the  panel. 

The  dark  circle  below  each  heater  designation  number  is  the  posi- 

tion of a  neon  indicator  light,  which  lights  whenever  the  blanket  is  receiving 

power.  Directly  below  these  neons  are  the  screw-driver  adjusted  temperature 

set  potentiometers. 
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Thermocouple Numbers 1 through 80 Are on Mirror Back Surface. 
Thermocouple Numbers 81 through 88 Are on Mirror Edge. 
Thermocouple Numbers 89 through 105 A r e  on Mirror Front Surface. 

Figure 4.8.Thermocouple Arrangement as  Seen from Back of Mirror 
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Figure 4-9. Thermal Cont ro l  Panel and Thermocouple Jack Panel 



Each  of  the 26 heaters  was  held  at  its  set  temperature  by  the 

control  circuit as shown  in  figure  4-10. The arrangement  features an A742 
I . C . ,  controlling an L2001M7  four  quadrant  triac  and  operates  in  zero  crossing 

switching  mode  to  avoid  unnecessary EM1 generation. A resistor bridge, com- 
prised  of  the  three 33K resistors  plus an N.T.C. thermistor  and  series  potentiom- 

eter,  furnishes  the  necessary  temperature  error  signal  in  electrical  form. 

The separation  between  the  two  temperatures  at  which  the  control 

circuit  turns  on  or  off  at a given  setting,  which  is a peak  to  peak  measure of 
how  close  the  controller can maintain a given  temperature  at  the  thermistor, 
is 0.06'F. 

In practice,  the  effectiveness  of  the  control  circuit  was  modified 
by  the  fact  that  the  thermistors  were  placed  on  the  back  of  the  heating  blanket 

instead  of  between  the  heating  blanket  and  the mirror, where  the  thermocouples 
are.  This  was  done  in  order  to  make  better  contact  between  the  mirror  and  the 

blanket; however, it does mean that  the  temperature  being  regulated i s  the  tem- 

perature on the  back  of  the  blanket.  The  effects of this  were  minimized  to 

reduce  heat LOSS, but  the  effects  were  still  noticeable  in  trying  to  achieve 
the  distributed  profiles  desired  and  were  the  cause of most of the  non-uniform- 
ities  obeerved in these  profiles. 

4.2 TEST METHOD 

Information  concerning  the  effects  of  local  gradients  was  obtained 
as  follows: 

(a) The mirror  was  aligned,  the  actuator  positions  and  thermo- 
couple  readings were recorded  and  the  servo  control  was  then  turned  off. 

(b) The heating  elements were set  for  the  desired  gradient  and 
the  mirror  waa  allowed  to  reach  thermal  equilibrium  at  the  new  gradient. 

(c) The mirror  deformation was photographed  and  thermocouple 

readings  recorded. 
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(d) The heating  elements  were  turned  off  and  the  mirror  allowed 

to reach  stable  equilibrium  again  at  the  initial  thermal  conditions. 

(e) Step (a) was  repeated  without  turning  off  the  servo  control. 

(f) Step (b) was repeated  with  the  servo  control on to maintain 
alignment,  and the  actuator  positions were  recorded  when  thermal  equilibrium 
had been  reached. 

(g) The applied  thermal  gradients  were  obtained  by  subtracting 

the  thermocouple  readings  in  step (a) from  the  thermocouple  readings in step 

(c). 

Information  concerning  the  effects  of  distributed  gradients  was 

obtained  in  the  following  manner: 

(a) The mirror  was  aligned  and  the  actuator  and  thermocouple 

position  were  recorded. 

(b) The heating  elements  were  set  for  the  desired  gradient  and 
the  mirror  was  allowed  to  reach  the  desired  thermal  profile  with  the  servo 
control on, to maintain  alignment. 

(c) The actuator  and  thermocouple  temperatures were  recorded. 

(d) The servo  control  loops  were  opened  and  the  heater  elements 
turned of€, 

(e) After  overnight  normalization,  the  resulting  interferogram 
was photographed. 

4.3 RESULTS 

In practice it was  difficult to approximate  some of the distri- 
buted  profiles  shown in figure  4-1. In particular  the  projected  difference 
between  front  and  back  profiles (the axial  gradient)  actually  obtained was 

much smaller  than  expected in comparison  with  the  radial  gradients. 



The a c t u a l   t e m p e r a t u r e   p r o f i l e s   o b t a i n e d   f o r   t h e  axisymmetric 

t h e r m a l   d i s t r i b u t i o n s   a p p l i e d  are shown i n   f i g u r e  4 - l l ( a ) .  The  measured  data 

was averaged t o  give t h e  symmetrical r a d i a l  component for  each  of t h e   f o u r  

d i s t r i b u t i o n s .   T h e   t e m p e r a t u r e   p r o f i l e   o b t a i n e d   f o r   t h e   n o n - s y m n e t r i c a l   t h e r -  

mal d i s t r i b u t i o n  i s  shown i n   f i g u r e   4 - 1 2 ( a ) .  

T h e   t e m p e r a t u r e   p r o f i l e s   o b t a i n e d   f o r   t h e   l o c a l i z e d   t h e r m a l   g r a -  

d i e n t s   a p p l i e d  are shown i n   f i g u r e  4-13. 

The   mir ror   deformat ions   p roduced   by   the   appl ied   thermal   g rad ien ts  

are obta ined   f rom  the   in te r fe rograms shown i n   f i g u r e   4 - 1 4   f o r   t h e   d i s t r i b u t e d  

g r a d i e n t s ,   a n d   i n   f i g u r e   4 - 1 5   f o r   t h e   l o c a l i z e d   g r a d i e n t s .   F i g u r e   4 - l l ( b )  

shows the   ave raged  symmetrical r a d i a l  component f o r   t h e   f o u r   a x i a l l y  symmetri- 

cal  d i s t r i b u t e d   g r a d i e n t s .   F i g u r e   4 - 1 2 ( b )   s h o w s   t h e   r e s u l t a n t   d e f o r m a t i o n  f o r  

t h e   n o n - s y m m e t r i c a l   d i s t r i b u t e d   g r a d i e n t   o f   f i g u r e   4 - 1 2 ( a ) .   F i g u r e   4 - 1 6  shows 

a t y p i c a l   d e f o r m a t i o n   p r o f i l e   f o r   o n e   o f   t h e   l o c a l i z e d   e x t e r n a l   g r a d i e n t s .  

The  changes in   t empera ture   measured  a t  each  of   the  thermocouple  

locat ions,   f rom  which  the  changes  in   thermal   gradient  were p lo t t ed ,  are g iven  

i n   T a b l e  4-1 f o r   t h e   p r o f i l e s  shown i n   f i g u r e s   4 - l l ( a )   a n d   4 - 1 2 ( a ) ,   a n d   i n  

T a b l e   4 - 2   f o r   t h e   p r o f i l e s  shown i n   f i g u r e  4-13. The mi r ro r   f i gu re   changes  

induced by the   changes   in   thermal   g rad ien t   a re   measured   f rom  the   in te r fe rograms 

and   a r e   g iven  i n  Tab le  4 - 3  f o r   t h e   e r r o r s   c a u s e d   b y   t h e   p r o f i l e s   o f   f i g u r e s  

4 - l l ( a )   and   4 -12 (a )   and   i n   Tab le   4 -4   fo r   t he   e r ro r s   caused  by t h e   p r o f i l e s  of 

f i g u r e  4-13.  The  forces  applied by t h e   a c t u a t o r s   t o  remove t h e   f i g u r e   e r r o r s  

produced by t h e   t h e r m a l   p r o f i l e s  shown in f i g u r e s   4 - l l ( a )   a n d   4 - 1 2 ( a )  are g iven  

i n   T a b l e  4 - 5 .  

The f l e x   a c t u a t o r s   h a d   s u f f i c i e n t   r a n g e   t o   m a i n t a i n   t h e   m i r r o r  

f i g u r e   f o r   t h e   g r a d i e n t s   a p p l i e d ;  however, t h e  ra te  o f   h e a t   a p p l i c a t i o n  had t o  

be   con t ro l l ed   s ince   t he   ac tua to r s   cou ld   no t   a lways   keep   pace   w i th   t he   change  

when t h e   h e a t  was a p p l i e d  a t  t h e   f u l l  1 watt p e r   s q u a r e   i n c h   c a p a b i l i t y   o f  

t h e   h e a t i n g   b l a n k e t .   I n  some c a s e s   t h e  maximum ra te  o f   hea t   app l i ca t ion   had  

t o  be  reduced by a fac tor   o f   two.  
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n i r r o r  
-------Mirror 

Front Burface 
Rear Surface 

I 

(a) Averas. Gradient Profile8 for 
"A.ialIy I-tric" That-1 
Prof l l o a  

(b) Mirror Figure Change P r o f i h r  
caused by Applied Thermal 
Gradients 

Figure 4-11. Mirror Deteriorations Due t o  Axi-Symnetric Distributed 
Thermal Gradients, Numbers 1 through 4. 
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(a) Non-Axisyametric Dirtributcd T h e w 1  Gradient 

(b) Mirror Figure Chango 

Figure 4-12. Distributed Thermal Gradient  Nuder 5 
and Resultant Mirror Deformation 
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Figure  4-13.  Localized Thermal Gradients  Applied t o  Mirror 

I 



( a )  From P r o f i l e  No. 1 (b) From P r o f i l e  No. 2 

(c) From P r o f i l e  No. 3 (d)  From P r o f i l e  No. 4 

( e )  From P r o f i l e  No. 5 

Figure  4-14. In t e r f e rog rams  Showing Mirror  Deformations Due t o  
Dis t r ibu ted   Thermal   Gradien ts  of F i g u r e   4 - l ( a )  
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(a) Fram  Profile No, 1 (b) From  Profile No. 2 

(c) From  Profile No. 3 (d) From  Profile No. 4 

Figure 4-15. Interferograms Showing Mirror  Deformations Caused 
By Local Thermal Gradients  of  Figure 4-13 
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T (a) Local Thermal Gradient No. 1 

(b) Mirror  Deformation Prof i les  

Figure 4-16. Localized Thermal Gradient No. 1 and Resultant 
Mirror  Deformation 
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TABLE 4 -  1 CHANGES IN TEMPERATURE MEASURED AT THERMOCOUPLES FOR THERMAL 
G R A D I E N l  PKOFILES SHOWN I N  FIGURES 4 - l l ( a )  AND 4 - 1 2 ( a )  

Thermo- 
Couple 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

1 5  

16  

1 7  

18 

1 9  

20  

21 

22 

23 

2f4 

35 

26 

- 

AT("C)  for Figure 
4 - l l ( a )  Profi les  

41 - - 
3 . 2  

3.3 

! .8 

# 2  - 
0.6 

0.2 

0.1 

0.2 

0.2 

1.4  

0.2 

0.6 

0.6 

0 . 6  

1 .o 
1 . 9  

0.1 

1.9 

1.1 

#3 - 
3.5 

3.7 

0.2 

3 . 3  

- 
#4 - - 
3 .O 

3 .o 

0 . 6  

1T for 
?igure 
k-lZ(a) 
'rof i l e  
#5 

0.3 

0.2 

0.3 

0.1  

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

2 . 7  

0.1 

0 . 1  

0 .2  

L .o 
5 . 6  

0 .2  

0 .1  

0 , 2  

0 . 4  

1.1 

2.5 

5 . 5  

6.7 

0.2  

rhermo- 
Coup 1 e 
Number 

27 

28 

29 

30 

31 

32 

33 

34  

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

#I - - 

3.2 

3.2 

3.2 

2.8 

3 .s 
3.2 

3.5 

3 .O 

3.3 

3 .O 

2.5 

4.2 

- 

#2 
P 
P 

3 . 3  

0 . 8  

0.2 

0.1 

0.8 

0.6 

3 .9  

4.1 

2.1 

0.8 

4.2 

- 

- 

113 - ~~ 

0.6 

3.4 

4.1 

3.6 

0.1 

0.8 

0.5 

0 .8  

0.3 

1.2 

3.3 

3.4 

0.8 

- 

AT(OC) for  Figure 
Figure 4 - 1 1 ( a )  Profi les  
AT for 

L - l Z ( a )  

" 
" 

#4 I $5 
Profile 

0.1 

0.4 

1.2  

0.7 2.2 

3.2 

4.1 

7.2 
0.2 

6.4 

3.4 0.2  

3.7  0.2 

1.4 0.2  

0.7 2 . 6  

0.5 3.1 

0.6 4 . 5  

0.6 5.0 

1 .4  7 .9  
2.9 8 .6  

2.8  6.7 

0.2 

0 .1  

0.5 

1.4  

0.8 2.2 

2.8 

3 .4  
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Thermo 
Couple 
Numbe r - - 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

TABLE 4-1 

AT("C) fo r   F igu re  
4-11 (a) P r o f i l e s  

- 
#2 - - 

0.8 

2.4 

1.9 

0.7 
1.2 

0.6 

0 -7 

0.9 

0.8 

0.9 

- 
#4 - - 

0.6 

3.1 

- 
bT for  
Figure 
4-12(a) 
Prof i le  

#5 - 
7.5 

9.2 

7.7 

0.3 

0.1 

0.2 

0.4  

0.8 

2.1 
3.9 

7.1 

0.1 

0.2 

0.2 

0.9 

4.2 

0.1 

0.2 

0 .I 
0.2 

0.9 

2.3 

0.3 

0.2 

(Continued) 

Thermo- 
Couple 
Number 

80 

81 

82 

83 

84 

85 

86 

- 

a7 

88 

89 

90 

91 

92 

93 

94 
95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

GT(OC) fo r   F igu re  
4-11 (a) Profiles 

7 

#1 
ep 

3.1 

3.3 

3 .O 
2.6 

3.6 

3.2 
3.3 

2.5 

3.3 

2.8 

3 .O 

3.2 

3.9 

3.5 

- 
#2 - 

0.3 

0.7 

0.2 

0.9 

0.9 

0.3 

0.7 

0.9 

0.5 

I .9 

1 .O 

1 . 2  

3 . 5  

- 
#3 - 

4.5 

4.0 

3.9 
3.9 

3.9 
3.9 

3.6 

3.5 

3.8 

0.3 

0.3 

2.7 

0.8 

I_ 

#L - 
3 .i 

2 .i 

2.c 

2.3 

1.6 
3.2 

3.2 

2.9 

3.2 

0.7 

2.4 

0.9 

0.5 

- 
AT for 
Figure 
4-L2(a: 
Prof ilr 

f 5  - 
0.2 

0.3 

0.2 

0 .5  

0.2 

6-3 

0.2 

3.2 

0.3 

0.2 

0.2 

6.3 

0.2 

0 -1 

2.9 

0.1 

2.6 

0 . 3  

0.2 

5.9 

0.2 

0-3 

0.5 

0.2 

2 . 2  

3 .O 
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Actuator 
Number - 

1 
2 
3 
4 
5 
6 

7 
8 
9 
10 

11 

12 

13 
14 
15 

16 

17 
18 

19 

20 
21 

22 
23 
24 
25 
26 
27 
28 

~ 

TABLE 4-2. CHANGES I N  TEMPERATURE MEASURED  AT  THERMOCOUPLES FOR 
THERMAL GRADIENT PROFILES SHOWN IN FIGURE 4-13. 

AT(OC) for Profiles 

#l 

-0.1 

-0.3 

-0.1 
0 

0.2 

0 

0.9 

0 

0 
0.8 
6.5 

#2 - 
0.4 
0.3 
0.4 
0.1 
0.1 
0.3 

0.2 
0 
-0.1 

0.1 

0.6 

1.1 
0.1 
0 

0.3 
0.8 

2.2 

0.2 

0 

0.2 
0.5 
1 .o 
1.9 
3.1 
3.1 

0.3 
0 
0.3 

#3 - 
0.2 
0.1 

0.1 
0 
0 
0 

0.1 

0.1 
0 

0 

0.1 

0.2 
0 

0 

0 

0.3 
0.4 

0.1 

0.1 
0 

0.2 

3.4 
1.6 
0.4 
0.2 
0 

0.1 

#4 - 
0.4 
0.3 
0.3 
0.1 
0.1 
0.1 

0.2 
0 

0.1 
0.1 
0.1 

0.3 
0.1 
0.1 
0.1 
0.1 
0.5 

0.1 

0.1 
0.2 

0.5 
0.2 

0.3 
0.4 
0.5 
0.2 
0 

1 .o - 

hc t uat or 
Number - 

29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

43 
44 
45 

46 
47 

48 
49 
50 

51 
52 
53 

54 
55 
56 

#1 - 
0.4 
0.3 

4.1 
.o .o 
7.6 

0.8 
0.5 

2.7 

6.3 
4.7 

0.4 
0.5 
0.9 
1.6 

1.6 

- 

AT(OC) for Profiles 

x2 - 
1.2 
1.9 
2.2 
3.3 
7.8 
4.8 

3.2 

0.3 
0.2 
0.2 
1.9 

2.1 

2.9 
6.8 

10.8 

5.6 
3.3 

0.3 

0 

0.5 

1.3 
2 .o 
2 .o 
3.3 

7.8 

4.4 
2.8 

0.3 

#3 - 
0.4 
1.2 
4.4 

9.4 
1 .o 
0.5 

0.4 
0.1 

0.1 

0.1 

0.9 

1 .o 
2.9 

4.3 
1 .o 
0.5 
0.3 

0.1 

0 

0.2 

0.6 
1.1 
0.9 
1.3 
0.6 

0.5 

0.4 
0.1 - 

- 
#4 - 
3.4 
2.3 
0.7 
0.5 

0.5 
0.6 

0.5 

0 a 2  

0.1 

0.4 
9.7 

3.8 
1.4 
0.4 

0.6 

0.5 

0.4 

0.2 
0 

1.4 

3.6 
2.4 
0.8 
0.7 
0.5 

0.5 
0.5 
0.1 - 
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TABLE 4-2.  (Continued) 

Lctmtor 
Ilrmb.r - 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

AT(.C) for P r o f i l e s  

#l - 
0.2 

0.1 

0.3 

0.5 

0 

0.3 

-0.2 

-0.1 

0 

-0.1 

0 

#2 
I 

0.1 

0.2 

0.5 

1 .o 
1.7 

2.9 

2.7 

0.1 

0 

0.3 

0.8 

2 .o 
0.2 

0.1 

0.1 

0.2 

0.6 

0 

0.2 

0.2 

0.3 

0.4 

0.4 

0.3 
0.4 

#3 - 
0.1 

0.1 

0.2 

0.2 

0.2 

0.5 

0.5 

0 

0 
0.1 

0.1 

0.5 

0.1 

0.1 

0.1 

0 

0.1 

0.3 

0.1 

0.1 

0 

0.2 

0.2 

0.2 

0.2 

#4 - 
0.1 

0.2 

0.5 

0.2 

0.3 

0.5 

0.5 

0.1 

0 

0.1 

0.2 

0.6 

0.1 
0 

0.1 

0 .1  

0.1 

0 . 4  

0.2 

0.1 

0.2 

0.3 

0.2 

0.2 

0.3 - 

Actuate: 
Number 
I 

a2 

83 

84 

as 

a7 

86 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

A T ( O C )  f o r   P r o f i l e a  

#1 - 
1.2 

i .6 

1.2 

1.6 

1.2 

1.1 

.9 

.1 

.2 

#2 - 
0 . 4  

1.1 

0 . 4  

3.1 

0.3 

1.1 

0.4 

0.3 

0.4 

3.1 

0.5 

0.3 

1.1 

0.2 

1.2 

0.3 

0.2 

8.3 

0.3 

0.2 

1.9 

0.2 

1.8 

2.1 

f 3  - 
0.2 

0.3 

0.1 

0.4 
0.2 

0.4 

0.2 

0.1 

0.1 

0.3 

0.2 

0.1 

0.2 

0.1 

0.3 

0.1 

0.1 

2.9 

0.1 

0.1 

2.4 

0.2 

0.4 

1 .o 

#4 - 
0 - 4  

0.4 

0.2 

0.4 

0.2 

0.4 

0.3 

0.2 

0.2 

0.3 

0.3 

0.2 

0.4 

0.2 

0.4 

0.2 

0.2 

0.5 

0.1 

0.3 

0.3 

0.2 

0.4 

4.0 

- 
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TABLE 4-3. FIGURE ERRORS INDUCED BY APPLIED T H E W  PROFILES OF 
FIGURES 4-11(0) AND 4-12(a) INFRINGES AT 6 3 2 d  (1 FRINGE = 
12.46 MICRO INCHES). 

Dieplaceannt away from center of curvature defined a8 pos i t ive .  
(Actuator numbering arrang.acnt  as shown 
~ 

.ctuator 
Number - 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
1 4  

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

X1 

( 2  
-0.5 

-0.5 

-0.7 

-1.3 

-0.7 

-0.5 

-1.8 

-1.8 

-0.5 
0 

-1.8 

- 2  - 4  

-1.8 

0 

-1.3 

-2.7 

-2  -7 

-1.3 

-0.5 

-2.4 

-3.1 

-2 -4 
-0.5 - 

Figure 4-11 (a) 

#2 

(2: - 
1.2 

1.2 

1.5 

3.3 

1.5 

1.2 

4.6 

4.6 

1.2 
0 

4.6 

7 .O 

4.6 

0 

3.3 

8.8 

8.8 

3 .3 
1.2 

7 -0 

!1.2 

7 .O 
1.2 - 

#3 

(:AI? 
-2.2 

-2.2 

-3  .o 
-5.8 

-3  .o 
-2.2 

-7.5 

-7.5 

-2.2 

0 

-7.5 

-11.5 

-7.5 

0 

-5.8 

-13 .O 
-13 .O 
-5.8 

-2.2 

-11.5 

-15.5 

-11.5 

-2.2 

- 
1y4 

( rmB I 

5.8 - 
-1 .o 
-1 .o 
-1.5 

-3.2 

-1.5 

-1 .o 
-4.7 

-4.7 

-1 .o 
0 

-4.7 

-7.8 

-4.7 

0 

-3.2 

-9.0 

-9.0 

-3.2 

-1 .o 
-7.8 

11 

-7.8 

-1 .o - 

- 
rig. 
~2 (a) 

f 5  

(2: - 
-0.1 

-0.1 

-0.1 

-0.2 

-0.1 

-0.1 

-0.4 

-0.4 

-0.1 

0 

-0.5 

-0.8 

-0.5 

0 

-0.3 

-6.5 

-6.5 

-0.3 

-0.1 

-0.6 

-0.1 

-0.6 

-0.1 - 

ictuato 
Number - 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

4a 

i n  Figure 3-5.) 

- 

#1 - 
-1.8 

-3.1 

-3 .l 

-1.8 

-0.7 

-2.7 

-3.3 

-2.7 

-0.7 

-1.8 

-3.1 

-3.1 

-1.8 

-0.5 

-2.4 

-3.1 

-2.4 

-0.5 

-1.3 

-2.7 

m2.7 

-1.3 

- 1.. 8 - 

Figure 4-ll(a) 

#2 - 
4.6 

11.2 

11.2 

4.6 

1 .5  

8.8 

12.3 

8.8 

1.5 

4.6 

11.2 

11.2 

4.6 

1.2 

7 .O 
11.2 

7 .O 
1.2 

3.3 

8.8 

8.8 

3.3 

6.6 - 

#3 - 
-7.5 

-15.5 

-15.5 

-7.5 

- 3  .O 
-13 .O 
-16.7 

-13 -0 

-3 -0 
-7.5 

-15.5 

-15.5 

-7.5 

-2.2 

-11.5 

-15.5 

-11.5 

-2.2 

-5.8 

4 3  .O 
-13 .O 
-5.8 

-7.5 - 

#4 - 
-4.7 

-11 

.11 

-4.7 
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T A B U  4-3 .  (Continued) 

I 

1.8 

0.5 

Fig. 4- 
.gurc 4-11 (a) 12 ( 4  

#2 #5 #4 #3 

( 3  (1.8) (2) ( 3  
7.0 

1.0  -1.0 -2.2  1.2 

3.5  -4.7 -7.5 4.6 

3.5  -4.7 -7.5 4.6 

1.0 -1 .o -2.2 1.2 

2.1 -4.7 -7.5 4.6 

4.1 -7.8 -11.5 

Fig. 4 
Figure 4 - l l ( a )  12 ( 8 )  

Actuator #5 #4 kc3 kc2 #I 
Number 

56 

2.4 -1.0 -2.2  1.2  -0.5 59 

2.2 -1.5 -3.0 1.5 -0.7 58 

3.6  -3.2 -5.8  3.3  -1.3 57 

2.2 -1.5 -3.0 1.5 - 
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~~ 

TABLE 4-4. FIGURE ERRORS INDUCED BY APPLIED T H E W  PROFILES OF FIGURE 4-13 IN 

DiBphcsmcnt away  from canter of curvature  defined  as  positive.  (Actuator 
FRINGES AT 6328% (1 FRINGE = 12.46 MICROINCHES). 

number i n  8 

,ctuator 
Number - 

2 

3 
4 
5 

6 
7 

8 
9 
10 

11 
12 

13 

14 
15 
16 

17 
18 

19 
20 

21 

22 
23 
24 

25 
26 
27 
28 
29 

_30 

e r r a n g k n t  as shown i n  figure 3 -5 . )  

Pro 
#2 

( 3  - 

0.1 

0.2 
0.2 

0.3 
0.5 
0.3 

0.2 
0 .8  

0 .8  

0.2 

0.8 

0. 2 
0.1 

0.3 
0.8 

0.6 

0.1 

1 .o 
1.4 
0.6 

1 .o 
2 .o 
1.5 

0.3 
0.3 

2.1 

#4 

(2) - 
0.4 

0.4 
0.5 
0.9 

0.5 
0.3 
1.2 
1.2 

0.3 

1.1 
2.3 
1.1 

0.5 
2.5 
2.5 

0.5 

1.7 
3.2 
1.7 

0.5 
3.3 
3.3 
0.5 

1.6 

Actuator 
Number 

31 

32 
33 

34 
35 
36 
37 
38 
39 
40 
41 

42 

43 
44 
45 

46 
48 
49 
50 

52 
53 
54 
55 

56 
57 

58 

59 
60 
61 

- #1 - 

0.2 
0.1 

0.3 

0.4 
0.1 

0.2 

0.6 
0.5 

0.7 
1 .o 
0.4 
0.3 
1.5 

0.9 
0.1 

1.2 
1.8 

0.4 
2.6 
0.8 

1.3 - 

Pro. 

#2 - 
1.4 

0.8  

0.5 

1.2 
1.2 
0.5 

1.5 

2.5 
1.5 

0.8 

2.4 
2.4 
0.8 

2 .o 
4.2 

2 .o 
0.8 

3.5 
3.5 
0 .8  

1.7 
3.6 

1.7 
2 .o 
2 .o 
1.4 

le 

#3 - 
2.7 

1.2 

1.5 

3.5 
2.5 

0.5 
0.3 
3 .O 
3.8 

1.6 

1.5 
3.8 

3 .O 
0.6 
2.5 

3.7 
1.6 
0.8 
2.9 

2 -3 
0.4 
1.2 
2 .o 
0.6 
1 .o 
0.8 

0.4 - 

$4 - 
3 .Z 
1 . c  

0.4 

3 . c  
3 .c  
0.4 

1 .c 
2.5 
1 .c 

0.1 

1.2 
1.2 

0.1 

0.3 

0.9 

0.3 

0.2 

0.2 

0.1 
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TABLE 4-5 .  FORCES APPLIED BY ACTUATORS TO REMOVE FIGURE ERRORS PRODUCED BY THE 
THERMAL PROFILES SHOWN IN  FIGURES 4-11(8) AND 4 - 1 2 ( a ) .  

Forces given i n  poundr x 10 . (Actuator numbering arrangement as shown i n  
Figure 3-5 .) 

-3 

- - 

C t U 8 t O :  
Number - 

2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 - 

7 

X1 - 
- 1 5 x  
10-3 
I bs 

61 

6 4  
175 

65 

26 

116 

122 

152 

63 

- 9 4  

46 

132 

151 

187 

159 

39 

134 

102 

90 
-12 

69 

246 

132 - 

A Force €or 
Fisure b = l l ( a )  

Prof 11.8 - 
#2 

2 2 6  
10': 
1bO 

7 3  

157 

- 29 

145 

12 

251 

126 

7 3  

-4 

2 60 

115 

14 

98 

130 

,134 

107 

17 

80 

- 66 

362 

- 52 

32 6 

2 49 

- 

- 

- 
?3 

- 39x 

lbe 

- 
10-3 

-322 

- 404 

-239 

-399 

-395 

146 

120 

-323 

- 93 

165 

440 

124 

-91 

-223 

5 40 

49 6 

- 401 

-314 

444 
286 

478 

- 223 

- 13 - 

- 
#4 - 

- 7 1 ~  
10-3 
1 bs 

12 

-74 

- 405 

- 461 

-175 

-463 

- 382 

17 

22 

- 153 

121 

-304 

- 45 

-214 

37 6 

2 94 

-434 

-136 

354 

258 

191 

80 

-54 - 

- 
For ce 

r F i #  

rof i l e  
-12 (1) 

#5 - 
- 19x  

1 bs 
10-3 

-13 

- 20 

1 

- 25 

-26 

20 

0 

-30 

- 23 

- 9  

76 

59 

- 12 

-22 

94 

83 

-16 

- 43 

154 

- 90 

102 

- 48 

76 - 

ktuatol 
Number - 

26 

27 

28 

29 

30 

31 

32 

33 

3 4  

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 
45 

46 

48 

49 

50 

52 

'Force 
A Force  for  for F ig  
Figure 4-11 (a) 4-12(a )  

#1 - 
-25 

21 

- 407 

90 

147 

-163 

- 45 

198 

- 7 4  

39 

- 24 

- 175 

-7 

44 

- 85 

- 103 

161 

- 106 

6 

10 

-179 

- 59 

- 94 

-170 

3 - 

Pro 

#2 - 
- 465 

-250 

-179 

154 

-394 

-565 

-282 

23 7 

230 

- 702 

-274 

121 

45 

109 

- 442 

-171 

130 

2 6 4  

-415 

- 333 

37 

-179 

21 

67 

279 - 

ilea - 
#3 - 

3 42 

395 

- 69 

-266 

5 48 

995 

45  5 

-290 

- 25 

3 68 

3 00 

123 

-368 

302 

2 65 

43 8 

- 320 

- 186 

408 

462 

-352 

- 81 

2 69 

8 4  

-311 - 

P - 
#4 - 

295 

5 66 

-910 

-223 

530 

-387 

403 

- 47 

-32 

306 

-24  

-322 

-229 

221 

41 1 

254 

40 

-278 

2 42 

490 

-430 

- 69 

253 

-169 

15 6 - 

If i l e  

t 5  
a 

9 

37 

65 

- 48 

204 

-306 

230 

- 46 

163 

- 104 

-18 

157 

-56 

313 

-384 

204 

-38 

98 

-249 

10 

107 

-399 

-331 

- 100 

250 - 
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TABLE 4-5.  (Continued) 
-~ ~~~ 

~ ~~ 

I 
A Force 

A Force   fo r  A Force   for   for   F ig .  
Figure  4-11(a) Figure  4-11(a)  4-12(a) 

CtuatUl r o f i l e r  PrGf i l a s  Prof i l a  
#l #5 #4 #3 #2 

. ~ _ .  - ~- - ~. 

53 -148 42 278 80 -510 5 8  112 

102  376  -254 109 140 171  -36 314 

398 -126 -234 169  160 

1 :: I i: 1 154  1322 1 24 1 87 /I 1: 1 175 1 167  1-288 1-1:; 1 287 

54 -154  -50 67 -72  -527 

103 -169 -346 298 

57  -117 -30 312  -288  -525 
~ 



4.4 CONCLUSIONS 

The results show t h a t   t h e   g r a d i e n t s   p r o d u c e d   b y   h e a t   a p p l i e d   t o  

small areas o f   t he   back   o f   t he   t h in   de fo rmab le   mi r ro r  are q u i t e   l o c a l i z e d   f o r  

p r e s s u r e s   o f   o n e   t o r r  or less and  the  deformations  produced by t h e s e   l o c a l i z e d  

g r a d i e n t s  are a l s o   f a i r l y   l o c a l i z e d .  The e f f e c t   o f  a d i s t r i b u t e d   g r a d i e n t  

a p p e a r s   t o  be e q u i v a l e n t   t o   t h a t   w h i c h   c o u l d   b e   o b t a i n e d   b y   l i n e a r   s u p e r p o s i -  

t i o n   o f   t h e   e f f e c t s   o f  a s e t  o f   l o c a l   g r a d i e n t s  whose l i n e a r   s u p e r p o s i t i o n   a d d s  

up t o   t h e   d i s t r i b u t e d   g r a d i e n t .   S i n c e ,   f o r   t h e   3 0 - i n c h   d i a m e t e r   t h i n   m i r r o r ,  

t h e   e f f e c t s   o f  a loca l   g rad ien t   p roduced  by h e a t   a p p l i e d   t o   t h e   b a c k   o f   t h e  

m i r r o r   c o n s i s t e n t l y   d i s p l a c e s   t h e   c o r r e s p o n d i n g  area o f   t h e   m i r r o r   s u r f a c e  

away from the   cen te r   o f   cu rva tu re ,  i t  s h o u l d   b e   p o s s i b l e   t o   p r e d i c t  the e f f e c t  

o f   d i s t r ibu ted   g rad ien t s   o f   l ow  spa t i a l   f r equency   f rom  the   obse rved  results.  

The   de fo rma t ion   due   t o   t he   d i s t r ibu ted   g rad ien t s   appea r   cons i s t en t   w i th   t he  

above  conclusion.  
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5 .O MODAL  CONTROL 

5.1 INTRODUCTION 

It has  been  established  that  feedforward  compensation can be 

used  to  decouple  each  of  the  control  actuator  channels  while  maintaining 
stability*.  There  are many poseible  approaches  to  optimization of the  control 

system; however, a specific  control  law  which  takes  advantage of the  mirror's 

natural  bending  modes was selected  for  further  investigation. 

The  method of control,  referred  to  as  modal  control,  was  sug- 
gested  by J . F .  Creedon  and A.G. Lindgren**  and  they  demonstrated  the  possibility 

of  determining  the  minimum  number  of  actuators  placed  in an optimum  configura- 

tion so as  to  obtain a minimum  rms  displacement error, for a flat,  freely 
supported  plate  subjected  to a "white"  spatial  force  distribution.  Their  re- 

sults  show  that 3 6  actuators  could  be  employed  for a 1/50 of a wavelength 

(1 E 0.6328A) rms  error  instead  of 58 actuators  as  used  in  the  initial  phase 
of  the  thin  deformable  mirror  project. 

0 

One  of  the  objects  of  the  present  phase  of  study  was  to  determine 
similar  information  for  the  thin  spherical  mirror  on a three  point  support. 
The  bending  mode  shapes  and  their  associated  natural  frequencies of vibration 
were  analytically  and  experimentally  determined (see  appendix A )  since  this 

information  is  required  to  obtain  the  optimum  actuator  placement.  These  results 
yielded  mode  shapes  and  their  associated  frequencies  for  the  three  point  support 

sys tem. 

To determine  actuator  locations  the  strategy  used is to  control 
the  daminant  low  frequency  modes  by  placing  control  actuators  at  or  near  nodal 
contours  of  higher  order  modes which, if unexcited, do not  contribute  to  the 

total  rms  error  after  control.  Creedon  and Lindgren found  the  square  flat 

plate  amenable  to  application of this  strategy  because  the  nodal  contours  fol- 
L * 
Ref ercnce No. 1 * 
Reference No. 2 
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a relatively  simple  pattern. It was  discovered  from  the  resulting  modal wave- 

shapes  for  the  thin  spherical mirror, however,  that  the  nodal  contours  of  the 

various  modes did not  follow a simple  pattern when more  than  eight  modes were 
considered. Further, it was also  discovered  that  by  including  the  15  dominant 

modes, which  comprised 99% of  the  specified  mirror  figure  error  of  one  wavelength 

rms amplitude, it is  not  possible  at  this  time  to  determine  their  placement  to 

obtain  anywhere  near AI50 error  with  control  because  of  the very  large  number 

of possible  actuator  configurations.  It  became  obvious  at  this  point  that a 

somewhat  less  ambitious  approach  would  have  to  suffice  to  demonstrated  that 

the  modal  control  approach  performed  as  predicted when applied  to  the  actual 

active  optics  mirror  and  mounting  system. 

The  next  phase  of  the  study  was  to  assume a limited  number  of 

actuator  and  sensor  points  to  enable a design  procedure  using  modal  control. 

The  approach  taken  was  to  select  four  control  points  and  three  additional  un- 

controlled  points. Thus, seven  sensed  points,  including  the  actuator points, 

would  feed  data  into  aI?modal  controller  yielding  four  outputs  which  would  drive 

their  corresponding  actuators  with  the  desired  result  that: 

(a) The four  controlled  mode  amplitudes  should go 

from  non-zero  before  control  to zero after  control 

(b) The three  uncontrolled  mode  amp 

change  significantly. 

litudes  should  not 

The  former  result  would  be  obtained  due  to  the  presence  of an 

integrating  servomechanism  if  the  actuators  are  not  located  exactly  on  the 
nodal  contours  of  the  first  four  modes. The latter  result  would  only  be  ob- 

tained  if  the  actuator  placements  were  chosen  at  or  near  the  nodal  contours 

of  the  next  higher  order  modes 5 ,  6 ,  and 7 .  Experimental  measurements  verified 

that  this  approach  gives  the  predicted  results,  thereby  validating  the  modal 

control  approach  and  furthermore  establishing  the  design  procedure  as a workable 

one. 
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The next section deals  with  the  details of the  modal  control 
approach  in  achieving  the  cited  results. 

5.2 SYSTEM ANALYSIS 

A model of  the  system t o  be analyzed fs shown  in  figure  5-1  of 

this  report. A partitioned  model  is  shown in figure  5-2.  The  model of figure 
5-2 will  be  used  to  show  that  the  error  vectors, e and e are  identical  to 

the  mode  vectors ? and cR. Then the  simpler  model  of  figure  5-1  will  be  used 
to  calculate  the  mode  vector, c, and  the  mirror  figure  vector, w, when  modal 

control  is  being  applied. 

- 
N R' 

N - 

From figure 5-2, the  mirror  acts  as a mode  analyzer  which  yields 
the  mirror  figure  vector 

Likewise,  the  controller  contains a synthesizer  which  yields  the  control  vec- 
tor, 

Thus, it appears  that = -uM UM E = -c -1 - 
" 

so that eN = -CN, €R * -CR 

Consequently, 
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~ Synthesizer 1 

- 
W& uM -1 

*N 
-1 

- - - H a u  
A I  

I""" I 
I Analyzer Pad  Compensator I I Pad  Matrix Eigenvalue I 

Matrix 

Controller Mirror and  Support 
System 

Figure 5-1. Model of Modal Control Syrtcm 
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Figure 5-2. Partitioned Model of Model Control System 



S imi lar ly 

so that - - 
CR * qR - AR €IRN k-’ (1 + - AN) qN k -1 - 

“- a -  
- 

and since UM C - w N = u  E + u  E ,  
N N N  a 

The resulting steady state vectors for step disturbances will 

then be 

80 that 

Sudrmarizing the analysis, the following  resulting matrix equa- 

tions are: 
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Controlled  Modal  Amplitude  Vector: 

where 7 is  the  disturbance  vector  for  the N 

controlled  modes. 
N 

Uncontrolled  Modal  Amplitude  Vector: 

where 4. is  the  disturbance  vector  for  the  R 

uncontrolled  modes. 
R 

Actuator  Displacement  Amplitude  Vector: 

Uncontrolled  Displacement  Amplitude  Vector: 

where U 

sents t E  number of actuatzs being  controlled  out of M possible  points  and 
NN' uE. and Urn are  partitions of the  modal  matrix U a N repre- M' 

R Z M - N .  

The above  results  assume  simple  integrating  actuators of equal 

gain k. 

If  the  disturbance  vector8 7 and q are  step  functions, the 
- 

N R 
resulting  steady  state  mode  amplitude  vectors  can  be  calculated  from (1) thru 

( 4 )  as: 
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The rms  mode  amplitude  in  steady  state  will  then  be 

(M = the  number  of  sensor  points) 

Likewise, the  rms  figure  error  will  be 

5 . 3  VERIFICATION  OF  MODAL  CONTROL  APPROACH 

Having  established  the  validity  of  the  mirror's  natural  modes 
and  characteristic  frequencies it was  decided to perform a design  for a test 
case  on a limited  number of actuators,  with  experimental  verification. The 
work performed  herein  gives  the  analysis  leading  to  the  design  of a four- 
actuator  system.  Seven  sensing  points that include the four  actuator  points 
were  chosen.  It is the design  objective  to  diminish  the  four  most  dominant 
modes  by  modal  control,  without  simultaneously  exciting  the  three  next  most 

dominant  modes. 

5.3.1  Selected Configuration 

Figure  5-3  shows  sketches of  the nodal  contours  (locus  of  zero 
deformation)  of  the  seven  most  dominant  modes, 1 through 7 .  As the  mode  num- 

ber  increases,  characteristic  frequency  increases  and  the  corresponding  ampli- 

tude  tends  to  decrease  monotonically.  Figure 5-4 shows a composite or super- 

position of modes 5, 6 ,  and 7 ,  which  are  not  to  be  excited  while  controlling 
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Mode 1 Mode 2 

Locating 
Pointe 

\ Mode 3 

Mode 6 Mode 7 

Figure 5-3. Nodal Contours of First  Seven Dominant  Modes 
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Mode 5 

Figure 5-4. Superposition of Nodal Contours for Modes 5 ,  6 ,  and 7 
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modes 1 th rough 4 .  It i s  then   obv ious   f rom  f igu re   5 -4   t ha t   t he   c i r c l ed   po in t s  

are t h e   a c t u a t o r   l o c a t i o n s .  The three   c ross -marked   po in ts  are chosen as 

a d d i t i o n a l   s e n s i n g   p o i n t s .   T h u s ,   t h e   a c t u a t o r   p o i n t s   c h o s e n  are 2 0 ,  1 7 ,  23, 

and 47 accord ing   t o   t he   number ing  scheme ehown i n   f i g u r e  5-5  and three addf- 

t i o n a l   s e n s o r   p o i n t s  are choncn a t  6 ,  41, and  37. 

5.3.2 Design  Procedure 

With   the   ac tua tor   and   eensor   po in ts   chosen  i t  was t h e n   p o s s i b l e  

t o   d e t e r m i n e   t h e  modal m a t r i x  U (7x7   s ince  N = 7)  which i s  a submatrix of 

U, (58x58 s i n c e  M = 58)   given as 
N’ 

‘M 

u, ( 2 )  u,(2) . . . . .u  (2 )  - 58 

~ ~ ( 5 8 )  u2 (S8) .  . . . .u (58) 58 

where t h e  n o t a t i o n   u . ( i )   r e f e r s   t o   c o n v e n t i o n a l  u n o t a t i o n .  T h a t  i s ,  t h e  

number i s  i n   p a r e n t h e s e s   r e f e r s   t o   t h e   i - t h   p o i n t   i n   q u e s t i o n   a n d   t h e   s u b s c r i p t  

number j r e f e r s   t o   t h e   j - t h  mode. Row 1 i n   e q u a t i o n  (1) is  column 1 i n   t h e  

convent iona l   sense ,   whi le   co lumn 1 i n   e q u a t i o n   ( 1 )  is  row L i n  t h e  conven t iona l  

sense,. Thus,  for  example,  u = u = u (20)  s ince   t he   chosen   po in t  1 f o r  

t he   expe r imen t   co r re sponds   t o   g r id   po in t  20 ,  which i s  t h e   c e n t e r   p o i n t  of the  

m i r r o r .  

3 i j  

1 2  20,2 2 

W r i t t e n   o u t   i n   d e t a i l   t h e  modal matrix, U is hi’ 
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Figure 5-5. Actuator  Numbering Arrangement 



UM= 

'RN 

The d o t t e d   l i n o r  refer t o   p a r t i t i o n s   t h a t  dofine, r s s p e c t i v c l y ,  

from top t o   b o t t o m   o r  l e f t  t o   r i g h t ,   a c t u a t o r   p o i n t s .  Comparing  equation  (1) 

and   equat ion  (2) y i e l d s  a r e l a t i o n   b e t w e e n   t h e   n a t u r a l   o r d e r   i n   e q u a t i o n   ( 1 )  

a n d   t h e   a c t u a l   o r d e r  i n  e q u a t i o n  ( 2 )  a s  shown i n   T a b l e  5-1. 

TABLE 5-1. POINT CORRESPONDENCE 

Natural   Order   Actual   Order  

1 20 

2 17 

3 23 

4 47 

5 6 

6 41 

7 37 

etc. etc. 



The  d isp lacement   vec tor  w is r e l a t e d  t o  t h e  mode ampl i tude   vec tor  c by 

I n   a c c o r d a n c e   w i t h   t h e   p a r t i t i o n  mode 

where  and r e f e r   t o   t h e  mode ampl i tude   vec to r s   fo r   t he   ac tua to r   po in t s  

and   sensor   (non-ac tua tor )   po in ts ,   respec t ive ly .  W and ws r e f e r   t o   t h e   a c t u a t o r  
and s e n s o r   p o i n t s ,   r e s p e c t i v e l y .  The 1 p a r t i t i o n   m a t r i c e s   a r e   o b t a i n e d   f r o m  

N s - 
H 

-1 - V = 3 By r e f e r r i n g   t o   T a b l e  5-1 th io  e s h b l i s h e s  the submatr ix  v a s  N+S 

- 'N+S 

'NN - 'NS - I 
- 

V V 1,zo 1 , 1 7  V 1,23 V I V  1,47 ; 1,6 
- 

V 1,41 1,37 
V 

I 

V V 
I 

2,zo 2,17 V 2,23 V 2,47 ; I v  
2,6 

V 2,41 V 
2,37 

I 

V V 
I 

3,20  3,17 V 3,23 V 3,47 I f v  
3J 

V 
3,41 V 

3,37 
I 

V V 
I 

4,20 4,17 V 
4,23 V 1 v  

4,47 I $36 

526 

6,6  

V 
4,41 

V 
L, 37 

""-"""""""""""""""":"""""""""""""" 

5,37 
V V 

I 

5 ,20 5,17 V 5,47 ; V 
5,23 l v  V 5,41  V 

I 
I 

V V 6 , 2 0  6,17 V 6,47 ; 6,23 
V l v  V 

6,41 6,37 
V 

I 
I 

V 7,zo V 
7,17 7,23 V V 

7,47 ; 

- 'SS 

I V  
7 J  

V 7,41 V 
7,37 - I 

'SN 
- 

- 



From numerical  data, 

-4.31553-3  -7.96623-1  -8.06903-2  8.64873-1 

2,13923-3  -5.43873-1  9.61333-1  -4.11273-1 
- -5.7397E-1  -5.44453-1  -5.44213-1  -5.56833-1 

-7.80073-1  4.69613-1  4.69603- 1 4.69913-1 1 (a> vm 

-1.84543-1 1.61373-1 1.2446E-2 

8.78413-2 1.15923-1 -1.97823-1 

-4.59133-1 -4.61183-1 -4.61223-  1 

-4.21353-1  -4.24543- 1 -4.24603- 1 1 
-1.48553-3 -4.39103-4 -4.33163-4 6.88793-3 

-2.543  73-  5 4.82843-3 -4.79303-3 2.43873-5 1 (c) VSN = -1.15273-5 - 1.28953-3  -1.25213-3  -9.09233-6 - 

-7.75513-1  3.86403-1  3.85513-1 

(dl vss = i  1 1.618983-3  -1.86113-1  1.844743-  1 - 
-1.020633-3  -6.44663-1  6.45643-1 

The  physical  realization  of a coefficient  set  can  be  obtained 

by the  op-amp  resistor  network  configuration  shown  in  figure  5-6. From figure 

5-6,  the  output  voltage  obtained  is 

vi = -RE G J (*) w -  .I + '1 RF 

86 



Figure 5-6. OP-AMP Resistor  Network  Realization of Controller 

where  the  minus and plus  superscripts  refer  to  the  negative and  positive  coef- 
ficients,  respectively.  The  displacement  inputs w really  are  proportional 
phase  detector  output  voltages.  Since. 

j 

then 

+ 
"1 c - P >  c j (e) w j 

+ 

thus, for a  suitably  scaled  feedback  resistor, 5, the  input  resistor  values 
are  essentially  proportional  to  the  reciprocal  of  coefficients  of  the  matrices 

of equation (6). The  resulting  mode  analyzer  realization is shown in figures 

5-7 and 5-8. 
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Figure 5-8. Mode  Analyzer  (Uncontrolled Modes, Cs = VSN WN + Vss Fs) - d - - 
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Finally, the  effect of actuator  pads*  is  considered by intro- 

ducing  the  pad  matrix, 5 = . For  small  pads = 1, the  identity  matrix. 

Assuming  this  to  be  the case, = U . For pad compensation, the  required  con- 

troller must be s-', where  the  subscript N refers to  the  actuator  points  only. 
This  matrix  was  calculated  and  resulted  in  the  network of figure  5-9. 

T 
T 

5.3.3 Implementation of Controller  Design 

The actual  implementation of  the controller differed  only 

slightly  from  that  shown in figures 5-7, 5-8, and 5-9.  Computation  of  C1  thru 
C did not require  the  use  of  the  six  inverting  amplifiers  as  indicated,  since 

the phase  detector  output  signals  as  well  as  their  inverted  counterparts  were 

available  from  existing  electronics.  Associated  with  the C1, c2 9 c3 Y and 

C4 generating  operational  amplifiers (A 1, A2, Ag, and A ) are  four  inverting 

amplifiers  (A-l, A,*, A - g ,  and A,4) that  generate -C1, -C2, -C3, and  -C4. 

Hence, the generation of subsequent  signals (via  pad  compensation) was  accom- 
plished  without  the  need  for  "inverting"  amplifiers  as  shown in figure  5-9. 

However,  a  sunning  amplifier  was  required in each  of  the  four  output  channels 

to  drive  the  associated  servo  amplifier  summing  point  through  a 10K output 

resistor.  This  added  complexity  was  required  to  enable  use of the  large  value 

summing  resistors  shown in figure 5-2. This  prevents  overloading  of  the  pre- 

ceding  amplifiers  as  might  otherwise  occur. 

7 

4 

Figure 5-10, a  half  size  phusical  layout  drawing,  shows  the 

implemented  circuitry. It should  be  noted  that  resistor  values  up  to 140K 
are implemented  by  the nearest 1% resistor  value.  Higher  resistances  between 
1  and 10 megohms are implemented  with  a 50K potentiometer  whose  slider  feeds 

a  portion,  l/x,  of the  applied  voltage  signal,  +wi , to  a  one  megohm  summing 
resistor.  This  implements an equivalent  summing  resistor  value  of X megohms. 

The same  approach  is  used  to  obtain  the  equivalent  of  sunning  resistors  between 

10 and  100  megohms;  however,  here  a 10 megohm fixed resistor  is  used  with  a 

500K potentiometer.  Even  higher  equivalent  summing  resistors  (>lOOM ) are 

*J.F. Creedon and A.G. Lindgren, Op. Cit. 
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From Mode Amps. To Op. Amp. Inputs 

c1 

1 I 
10K I 

+ 
1 OK 

Acta Pt. 20 

BFor Act. Pt. 17 
20.97K 

22.19K 

29.93K 
10K 

I )  

1 OK 
141.48K 
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- OFor Act. Pt. 23 

1 OK 

29.93K 
t b  

10K 
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27.73K 
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29.93K 
10K 

Figure 5-9. Pad Compensator, 
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Act. 23 

Act. 47 

liaure  5-10. Layout of Ibdd  Cartroller 
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obtained  in  essentially  the  same  manner. There a  50K  potentiometer  feeds  a 
1OO:l  divider whose output  voltage  drives  a  one megohm fixed  resistor.  Cermet 

potentiometers  capable of 1% adjustment  are  used  for  compatibility  with  the 1% 

fixed  resistor  covering  the  <140K  range. 

It should  be  noted  that  the  small  circles  labelled  +Wi  and +Ci 

represent  possible  locations  for  the  potentiometers  associated  with  sumning 

resistors. A value  (either  50K  or  500 K ) adjacent  to  the  location  indicates 

that a (50  or 500K ) potentiometer  was  included  to  drive  the  resistor  located 

to  the  right. In cases  where no value  is  shown  adjacent  to  the  small  circle 
location,  a  potentiometer  mounting  hole  but  no  potentiometer  was  provided.  In 
these cases, the  input  signals  were  applied  directly  to  the  summing  resistor 
to  the right.  All  amplifiers  except  those  used  for  signal  inversion  feature 

two  zener  diodes  paralleling  the  feedback  resistor,  to  provide  clipping  action 
in  all  cases  at  about 9 volts. 

P P 

The controller  as  finally  breadboarded  for  experimental  testing 
is  shown  in  figure  5-11.  The  input  and  output  wires  were  cabled  to  connectors 

that  mate  with  the  existing  connectors  at  the  phase  detector  outputs  and  servo 
amplifier  inputs so that  the  unit  can  be  inserted  into  or  removed  from  the 
system  quickly  and  conveniently. 
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Figure 5-11.Four Actuator Modal Controller  Breadboard  Unit 



5 . 3 . 4  Experimental  Rerultr with Modal  Controller 

The modal  controller  war  tested  by  introducing  error8  into  the 

previously  aligned, 30-inch mirror  and  then  removing  as  much  as  possible  of 

the  error  introduced, with the modal controller. The relative  amplitudes of 

the  modal  error  signals  produced  by  the  uncontrolled  error  were  observed  and 

compared  with  the  modal  amplitude#  predicted  analytically  for  the  specific 
error  introduced. The modal  amplitudes  remaining  after  closed  loop  correction 

were measured. The time  rerponses  of  the  system were observed  and  the  change 
in forces  required  to  effect  correction  were  recorded.  The  remanent  error 
after  correction  was  also  compared  with  the  remanent':  error  produced by  the 
same  four  actuators  in  parallel  closed  loop  operation  without  the  modal con- 
troller. 

The  results  of the measurements  are  described  in  the  following 

pages  for  two  different  error  disturbances: one, a  point  force  error  introduced 
by a single  actuator  applying  a  force  against  the  mirror  to  distort it; and 
two,  a  spherical  error  introduced  by  changing  the  axial  dietance  between  the 
mirror  and  the  figure  sensor. 

The  point  force  was  exerted  at  actuator  number 28 (see  figure 

5-5). This  is an uncontrolled  point  halfway  between a controlled  point  (actua- 

tor  number 2Q) and  sensor  point  (actuator  number 37). 

The errors  developed  as  a  function  of  the  force  applied,  without 

correction,  are  shown  in  figure  5-12.  The  phase  detector  outputs  are  numbered 
wl through W corresponding  to  the  seven  sensor  points. The modal  controller 

outputs, which  should be proportional  to t h e  amplitude  of  the  first  seven 
natural  modes  contained  in  the  mirror  deformation  are  numbered C through c 
The relative  slopes  of C1 through  C7  .arc  compared  in  Table 5-2 €or  the  measured 

values  and  the  predtcted  values  and  show  good  correlation. 

7 

1 7' 
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Figure 5-12. Open Loop Phase and  Mode  Errors  as  a  Function of 
Force  Applied at Uncontrolled  Actuator No. 28 
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TABLE 5-2 

Measured C a l c u l a t e d  

1 .o 1 .o 

-10.5 -16.4 

-52 .O -52.6 

-10.0 - 6.12 

2.0 1 .73  

1 .5  0.83 

5.2  2.89 

The   phase   de tec tor   ou tputs   and   the   modal   cont ro l le r   ou tputs  

a f t e r   c l o s e d   l o o p   c o r r e c t i o n   f o r   t h e   p o i n t   f o r c e  a t  a c t u a t o r  28 are shown i n  

f igu re   5 -13 .   S ince   t he   phase   de t ec to r   ou tpu t s  are o n l y   l i n e a r  up t o   e r r o r s   o f  

1/8 wavelength ,   the   sys tem  can   on ly   be   expec ted   to   opera te   p roper ly   wi th in  

t h i s  l i m i t .  I t  is  i n t e r e s t i n g   t o   n o t e ,   h o w e v e r ,  as shown i n   f i g u r e   5 - 1 3 ,   t h a t  

t h e  s y s t e m  o p e r a t e s   s t a b l y ,   i f   n o t   a c c u r a t e l y ,   f o r   e r r o r s   g r e a t e r   t h a n  118 
wavelength up t o  3/8 wavelength  amplitude.  As expec ted ,  modal c o n t r o l l e r   o u t -  

p u t s  C1 through C4 are n u l l e d   i d e n t i c a l l y .  The change i n   f o r c e s   g e n e r a t e d   i n  

t h e   f o u r   a c t u a t o r s   t o   m a i n t a i n   a l i g n m e n t   a r e   a l s o  shown i n   f i g u r e  5-13. 

The mi r ro r   de fo rma t ion   i n t roduced   w i thou t   c lo sed   l oop   con t ro l  

for   an   appl ied   force   o f   0 .175   pounds  a t  a c t u a t o r  number 28 i s  shown i n   f i g u r e  

5 -14(a ) .   F igu re   5 -14 (b )   shows   t he   r e s idua l   e r ro r   a f t e r   nu l l i ng  C1 through C4 

w i th   t he   moda l   con t ro l l e r .   Fo r   compar i son ,   f i gu re   5 -14 (c )  shows t h e   r e s i d u a l  

e r r o r   a f t e r   n u l l i n g   t h e   f o u r   a c t u a t o r s   u s i n g   t h e   s t r a i g h t   p a r a l l e l   c o n t r o l  

loops.  

The e r r o r s   d e v e l o p e d   w i t h o u t   a c t i v e   c o r r e c t i o n  as a func t ion   of  

change i n  axial  spac ing   be tween  f igure   sensor   and   mir ror  are s h a m  i n   f i g u r e  

5-15. 
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Figure 5-11. Phase and Mode Errors and Corrective  Forces  with 
Closed Loop Corrections for  Point Force Error 
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(a) Without Closed Loop Control 

T 
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A/lO 

(b) Four Actu8tor, Seven Sensor Modal  Control 
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X/10 

1 
(c) Four bct?u@i arright  Parallel Control 

- 

Figure 5-14. Mirror  Deformation Produced by 0.175 lb. Force 
Applied by Actuator No. 28, 
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- Phase Error Signals (7.35V = X I S )  
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Change i n  Axial Spacing (Inches) 

l igura 5-15. Open Loop Phare  and Mode Errorr ar a Function 
of Axial Gpaclq Between Xirrar and 8i-m Sansor. 



The   phase   de t ec to r   ou tpu t s ,   t he   moda l   con t ro l l e r   ou tpu t s ,   and  

t h e   a c t u a t o r   f o r c e s   d e v e l o p e d   a f t e r   c l o r e d   l o o p   c o r r e c t i o n  are s h a m   i n   f i g u r e  

5-16. 

The   mi r ro r   de fonna t i an   i n t roduced   w i thou t   c lo sed   l oop   co r rec t ion  

f o r  a change  of  0.003-inch i n   a x i a l   s p a c i n g   b e t w e e n   t h e   m i r r o r   a n d   f i g u r e   s e n -  

s o r  i s  shown i n   f i g u r e   5 - 1 7 ( a ) .   S i n c e  t h e  e r r o r  i s  a x i a l l y   s y m n e t r i c a l ,  a 

s i n g l e   d i a m e t e r   p r o f i l e  i s  sham.   F igu re   5 -17 (b )   shows   t he   r e s idua l  errbr w i t h  

modal   cont ro l   and   for   compar ison   f igure   5 -17(c)   shows  the   res idua l   e r ror   for  

t h e   s t r a i g h t   p a r a l l e l   c l o s e d   l o o p   c o n t r o l .  

Both   cases  shown e x h i b i t  improvement i n  RMS f i g u r e   f o r   t h e  

modal c o n t r o l l e r   w i t h   f o u r   c o n t r o l   a c t u a t o r s   a n d   s e v e n   s e n s i n g   p o i n t s ,   o v e r   t h e  

s t r a i g h t   p a r a l l e l   c o n t r o l   w i t h   f o u r   a c t u a t o r s   a n d   f o u r   s e n s i n g   p o i n t s .  T h e  

l a r g e r   t h e  number o f   s e n s i n g   p o i n t s   u s e d ,   t h e   b e t t e r   t h e   f i t   s h o u l d   b e   t o   t h e  

re ference   wave€ront ,   fo r   any   g iven  number  of a c t u a t o r s .  



" 1 , 2 , 3 , 4 , 5 , 6 , 7  - Pharc Error Signals (7.35V - 1/8) 

No. 20) 

0 .002 .oo 4 .ooc .om 
Change i n  Axial Spacing Botvoon Nirror and Figure Senaor (Inchor) 

Figure 5-16. Phart and Mode Errore and Corrective  Forces  with  Closed 
Loop Correction  for  Axial Error. 
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(a) Without Closed Loop Control 

F i g u r e  5-17, Mirror   F igure   Er ror   Produced  by 0.003'1 Change i n  
Axial Spacing Between Mir ro r  and Figure  Sensor 
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6 .0  TRANSIENT  RESPONSE TO STEP  ERRORS 

T e r t r  ware made o n   t h e   t h r e e   d i f f e r e n t   c o n t r o l   c o n f i g u r a t i o n s ;  

t h e   s t r a i g h t - p a r a l l e l   c o u p l e d   c o n t r o l   l o o p s ,   t h e   u n c o u p l e d   f e e d f o r w a r d   n e t w o r k ,  

a n d   t h e   m o d a l   c o n t r o l l e r ,   t o   d e t e r m i n e t h e i r   t r a n s i e n t   r e s p o n r e  t o  s t e p   e r r o r s .  

The r t e p   e r r o r s  were obtained  by  changing  the ax ia l  rpac ing   be tween   t he   mi r ro r  

8nd f i g u r e   s e n s o r   o r   b y   d i r p l a c i n g   t h e   i n d i v i d u a l   f l e x   a c t u a t o r s   b y   v a r i o u s  

amounts. When p o s s i b l e ,   t h e   c o n t r o l  Loops were f i r s t   o p e n e d ,   t h e   s t e p   d i s -  

p l acemen t   e r ro r s  were c r e a t e d   a n d   t h e   c o n t r o l   l o o p s  were then  c losed.   The 

rasponsee  were measured  and  recorded a t  the   ou tput   o f   the   phase   de tec tor8   f rom 

t h e  time o f   c lo su re   o f   t he   l oops ,   excep t   fo r   t he  mode e r ro r s   wh ich  were read  

a t  t h e  modal c o n t r o l l e r   o p e r a t i o n a l   a m p l i f i e r   o u t p u t s .  

Responre  curves are shown i n   F i g u r e  6-1 f o r   t h e   s t r a i g h t - p a r a l l e l  

coupled   oont ro l  loops. Figure  6-2 shows the  response  with  the  feedforward  net-  

work,  and  Figure 6-3 shows the   r e sponse   w i th   t he  modal c o n t r o l l e r .  

The s t r a i g h t - p a r a l l e l   c o n t r o l   l o o p s   e x h i b i t  a uni form  response  

t o   a n  axial  s t e p   e r r o r   i n   c o n t r a s t   t o   t h e   d i f f e r e n c e s   o b s e r v e d   b e t w e e n   t h e  

r e sponses   o f   ac tua to r s  a t  d i f f e r e n t   l o c a t i o n s  when t h e   e r r o r  was d u e   t o   i n d i -  

v i d u a l   a c t u a t o r   d i s p l a c e m e n t   e r r o r s .  The time c o n s t a n t   f o r   t h e   a x i g l   s t e p  i s  

much s h o r t e r   t h a n   t h e  time c o n s t a n t   f o r   r e s p o n s e  to  i n d i v i d u a l   a c t u a t o r   d i s -  

placement   errors   because aLL a c t u a t o r s  see a n   e r r o r   o f  t h e  same s ign   and  move 

toge the r  i n  t h e  same d i r e c t i o n   t o  remove i t ,  so t h a t  t hey  are he lp ing   each  

o t h e r ,   g i v i n g   a n   a p p a r e n t   i n c r e a s e   i n   l o o p   g a i n .  

P a r a l l e l   c o n t r o l   l o o p   c o n f i g u r a t i o n s   u s i n g   f e w e r   a c t u a t o r s  

s p a c e d   f u r t h e r   a p a r t   a l s o   g i v e   s h o r t e r  time cons tan t s   because   o f   h ighe r   e f f ec -  

t i v e   l o o p   g a i n s .  

In   cont ras t ,   the   response   o f   the   feed66rward   ne twork  i s  n o t  

on ly   un i fo rm  f rom  one   ac tua to r   t o   ano the r   fo r   i nd iv idua l   ac tua to r   e r ro r r ,   bu t  

i t  i s  e s e e n t i a l l y   t h e  same f o r   a x i a l   e r r o r s .   T h i s  io because   the   ga in   has   been  

normalized and decoupled  and the a c t u a t o r s  are i n   e f f e c t  unaware of whether 

the a d j a c e n t   a c t u a t o r s  are a id ing   o r   oppos ing  them. 
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7.0 LOCALIZATION OF FEEDFORWARDS 

The feedforward  network  is  a resistive  matrix  designed  to  com- 

pensate  for  interactions in the deformable  mirror so that  the  individual  con- 

trol  loops can operate  Cndependently. The design of  this network is described 

in  detail  in  Reference 1. The objective  here  was  to  determine  how  well  the 

design  values  come  to  giving  the  desired  results. The feedforward  network 

is  designed  to  give  a  localized deflection on the  mirror if an error  signal  is 
applied  to  a single  input of the  feedforward matrix, so that a measure of  the 
network's  effectiveness  is  its  ability  to  produce  a  localized  displacement. 

The test  for the  ability  to  produce  a  local  displacement  was  to  put  a DC volt- 

age at  the  input  of  the  feedforward  matrix,  one  channel  at  a  time, with the 

control  loops open, and to observe  theresultant  deflection  as  indicated  by 

the interferometer  output.  Some  typical  interferograms  are  shown in figure 

7-1. Figures 7-l(a) and (b) show the  desired  result  for  a  signal  applied  to 

control  loop  number 40. The  deflection  actually  produced  with  the  network  as 

originally  designed,  however,  is  shown  in 7-L(c) and (a). The  effect  shown 

in 7-l(a)  and  (b) was  obtained by  decreasing  the  value of driving  point  resis- 

tance  approximately 30 percent  from  the  design  value. The reason this was nec- 

essary  was  discovered  by  observing  the  force  changes  in  the  actuators  involved. 
The second ring of actuators  stayed  essentially  in  their  original  positions  even 

though  a  six  volt  signal  was  applied  to  the  driving  point,  This tneans that  the 
full  set  of 1 9  forces  designed  to  produce  local  displacement was  not being 

applied.  This  was  caused  by  the  actuator  dead  zones  which,  for  the  actuators 

in  the  second ring, are  equivalent  to  approximately t1/200 wavelength. The 

driving  point  resistance  correction  made to obtain 7-l(a)  and  (b) gives  essen- 

tially  a  single  ring (7  actuators) constellation  of  forces  for  each  control 

loop  instead of  the 19 point  group  originally  designed. The  localization  ob- 

tained with  this  more  limited  compensation is, however, very  good  as can  be 

seen in figure 7-l(a) and (b), and in the  light  of  hindsight  it  is  evident  that 

the 10 point  arrangement  was  overcompensation  even  if  the  dead  zone  phenomenon 
did not  exist. 

The dead  zones are  approximately  twice  as  large  with  the  feed- 

forward network  as  with  the  straight  parallel  control  because  the  minimum  driv- 
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F i g u r e  7-1. In t e r f e rog rams  Showing Local ized   Def lec t ions   Produced  By 
Feedforward  Network  (a)  and (b) Af te r   Decreas ing   Dr iv ing  
P o i n t   R e s i s t a n c e  t o  Produce a Seven   Poin t   Conf igura t ion  
of Forces  ( c )  and  (d)   Wi th   Or ig ina l   Des ign   Values   for  19 
Po in t   Fo rce   Conf igu ra t ion  
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i n g   p o i n t   r e s i s t a n c e s  are a t  least  t w i c e   a s   l a r g e .  The dead  zones  for t h e  

s t r a i g h t   p a r a l l e l   c o n t r o l   l o o p s  are equiva len t   to   +1/400  wavelength '   o r  less. 

Some dead  zone is  usua l ly   des i r eab le   t o   p reven t   ove rwork ing  t h e  a c t u a t o r   m o t o r s .  

I f   f r i c t i o n   d i d   n o t   p r o v i d e  a dead  zone i t  migh t   be   necessa ry   t o   p rov ide  a 

t h r e s h o l d   c o n t r o l .  

An a t t empt  was made t o   m e a s u r e   t h e   s t i f f n e s s   m a t r i x   v a l u e s  by 

d i s p l a c i n g  a s ing le   ac tua to r   and   measu r ing   t he   change   i n   ac tua to r   fo rces   r e -  

q u i r e d  t o   m a i n t a i n  a l l  t h e   o t h e r   p o i n t s   a l i g n e d .  A t y p i c a l  set  o f   f o r c e s  i s  

shown i n   f i g u r e  3-2.  The dead  zones  here   again make i t  d i f f i c u l t   t o   o b t a i n  a 

se t  of   read ings   tha t   would   be   accura te   enough  to   improve  on t h e   a n a l y t i c a l  

de t e rmina t ion .  

110 



8.0 REFERENCES 

1. 

2 .  

3 .  

H.J .  Robertson:  Dev-el-opment of an Active  Optics  Concept  Using a 

Thin Deformable Mirror, Perkin-Elmer  Corp.,  Norwalk,  Conn., 

NAS CR-1593. 

.J.F. Creedon  and A.G. Lindgren:  Control  of  the  Optical  Surface of a. 

Thin Deformable  Primary  Mirror  with  Application to an Orbiting 
Astronomical  Observatory,  3rd  IFAC  Symposium on Automatic  Control 
in  Space,  held  in Toulouse, France, March 2 through 6 ,  1970. 

Evaluation of Multipoint  Interaction  in  the  Design  of a Thin 
Diffraction-Limited  Active  Mirror,  IEEE  Transactions on Aerospace 

and  Electronics Systems; Vol. AES-5, No. 2, March 1960. 

111 



APPENDIX A - DERIVATION OF’ MIRROR SUPPORT SYSTEM.EIGENFUNCTIONS 

In order  to  develop  a  controller  design  using  the  modal  control  approach, 

it was  necessary  first  to  determine  the  eigenfunctions  for  the  spherical  mirror 

and  its  three  point  support  system. This  was accomplished  by  three  different 

methods  which are: 

1. Analytical  solution of the  beam  equation  for a thin  flat  circular 

plate  subject  to  boundary  conditions. This is an approximate  solution  since 

the  actual  mirror  is  a  thin  shallow  shell. 

2 .  Finite  difference  approximation to  the  continuous  medium  and  solution 

obtained  using  the SAMIS computer  program. 

3.  Experimental  verification of 1 and/or 2 using  time-lapse  holography 

upon the  physical  system  set  into  vibration. 

The  results of these  three  studies  was  presented  recently  at  the  April,  1971 

meeting  of the Optical  Society in Tucson,  Arizona. The  presentation  given,  which 

is  contained  herein,  establishes  excellent  agreement  between  the  three  approaches. 
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A. 1 ANALYTICAL APPROACH 

There are f o u r   t y p e s   o f   v i b r a t i o n a l  mode6  when a homogeneous, 

i s o t r o p i c , t h i n   c i r c u l a r   p l a t e  is s imply   suppor ted  a t  t h r e e   p o i n t s  on t h e  

c i rcumference .  
The type  I is, 

Jt 

where  ki i s  t h e  ith so lu t ion   f rom 

[ m-O,3,6,9. . . 

The t y p e  I1 is, 

where ki is t h e   i - t h   s o l u t i o n  from 

W 

z am(ka )  = 0 3 
The type I11 is,  

*The d e r i v a t i o n  of t h e s e   r e s u l t s  can be found i n  Perkin-Elmer  Report No.  
10299,  Evaluation  of  the  Thin,   Deformable  Active  Optics  Mirror  Concept,  
No. 2,   Sept .  15, 1970. 
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where ki io the i-th s o l u t i o n   f r o m  

00 

am(ka> - 0 . 
nr/0,3,6,9 ... 3 

The  type I V  is, 

(A-4) 

and  where k i s  i - t h   s o l u t i o n  from 

The r e s u l t i n g  mode shapes are shown i n   F i g u r e s  A-1 t o  A-12 

One n o t e s   t h a t   t y p e s  I and I1 are the   even  modes and   types  I11 

and I V  are t h e  odd modea w i t h   r e s p e c t   t o   t h e   x - a x i s .  One n o t e s   a l s o   t h a t   t h e  

types  I, I1 and I11 e x e r t   f o r c e s  on the   suppor t   po in ts ,whereas   the   type  IV 
does   no t   exe r t   fo rces   on   t he   euppor t   po in t s .   The re fo re ,   t he   t ypes  I, I1 and 

I11 r e q u i r e   t h e   s u p p o r t   p o i n t s   i n   o r d e r   f o r  them t o   e x i s t ,  and  they are t h e  

modes  which are un ique   t o   t he   p l a t e   w i th   t he   s imp le   suppor t   po in t s  on t h e  

circumference.  The type I V  is the   group of modes which are a l s o  members 

of v i b r a t i o n a l  modeo of t h e   f r e e   p l a t e   w i t h o u t   s u p p o r t   p o i n t s .   T h e s e  modes 

do n o t   r e q u i r e   t h e   s u p p o r t   p o i n t s   i n   o r d e r   f o r  them t o   e x i s t .  
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A.2 EXPERIMENTAL DETERMINATION OF MODAL CONTOURS BY TIME-LAPSE HOLOGRAPHY 

The method of time-lapse holography was used to experimentally 
determine information about  the thirty-inch mirror's vibration  mode shapes. 

Ideally,  each mode  shape  occurs at a characteristic frequency. 

A time-lapse holograph io a  film  record of the combination  of  a 
reference  beam and a  time  varying object beam. The principle  involved is 

that the time  average of a  vibrating object's wavefronts,  which are  emitted 

continuously, 1s exactly  equal to the  average of the sequence of the object's 

wavefronts  taken  simultaneously.  The  validity  of the latter statement is  clear 

if we assume that an  ordered  sequence  can  be found from the continuous emission 

of wavefronts. 

In a  corwentional test setup,  a hologram  is made  of the object in 

a  reference state. The developed  hologram is then  inserted  into its original 
position  when first taken. The object is then  deformed so as to produce 

optical  interference  between the object's deformed  wavefronts and its station- 

ary wavefronts. Upon  illumination by both the reference and object beams,  an 

observer will see the reconstructed  image  with  interference fringes representing 

the deformation  superimposed on the image. If the reference  beam is blocked, 

only the interference  fringes that are due to deformation will appear. If 

the object beam is blocked, the reference beam will cause only the stationary 

object to appear. 

This  approach, somewhat modified,  was  taken to obtain  interference 

patterns  concerning  the mirror's vibration modes. The  modification is that 

the step of making  a  reference  hologram was deleted since it was not necessary 

when using active optice. The automatically aligned object mirror,  together 

with the M a n - G r e e n  interferometer  portion  of the figure  sensor,  establishes 

the reference wavefronte. The interference  of  these  reference  wavefronts 

produces  a uniform field that holda no information. Thus,  upon  exciting 

a  mirror  mode at its characteristic frequency, the resulting  interference 

pattern  contains the infomation necessary to determine the mode shape, A 
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contour plot of the mode  shape i o  taken from the  interference  pattern  because 
of the relationahip  between  displacement  amplitude and recorded  light  intensity. 
This relationahip is fundamental i n  all  fringe  analyses, and its  derivation 

io included in the appendix.  The  relationohip is that the  film  exposure 
(intensity x time) E, io related t o  the amplitude of a  sinusoidal  vibration 

A, by 

E -  

where E (1 + m) is 
negative  modulation 

0 

E [ 1 + mJo 
0 

the average  exposure  with no vibration (A-0);  m is  a  non- 

factor  leas  than  unity (see  appendix);  and J is the zero 
0 

order  Bessel function. A rketch  of the exposure as a function of vibration 
amplitude is shown in Figure A-13. 

Figure  A-13  Normalized  Exposure as a  Function of Vibration 
Amplitude for a T h e  Lapse Hologram 
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Figure A-14 shows  a  positive  interferogram  taken at an excitation 
* 

frequency  of 272 Hz. Thiu picture  verlfies  the  exposure  relationship  given 
by Eq.(A-6)in Figure A - 1 3  

It is first  noted  that  the  brightest  triangular  contour  corresponds 

to  the  three known support  points of zero  axial  diaplacement. As we move 
radially  inward,  the  fringes  appear  with  diminishing  brightnees,  thereby 

indicating  monotonically  increasing  amplitude.  This  fact is explained 

physically  by  considering  that  points of motion  move  from the stationary, 
bright,  uniform  field to a  dark  field  and  then back to light, and so on. 

Upon  averaging  light  intensity  at  each  point,  a  gray  level will result 

depending  upon  the  time  spent  in  bright  fringes  and  dark  fringes.  Points 

of  little  motion  spend  most  of  their  time in the original  bright  field, 

while  points  of  increasing  displacement  average  out  to  decreasing  modulation. 

From  analysis of Figure A-14 ,  a  contour  plot  of  the  mode  shape 

was  made and  is shown in Figure A - 1 5 .  To test  the  validity  of  this  mode  shape, 
a  comparison  was  made  with  preliminary  results  obtained  from  the SAMIS 
computer program. The comparison  shows  good  agreement  with SAMIS mode 04 

(radial-azimuthal) sketches in Figure A-16  

Other  interesting  interferograms  were  made  at  other  characteristic 
frequencies;  some are shovn in Figures 8-17, A - 1 8 , a n d   A - 1 9  (More  comparisons 

and checks  will be made for  these  other  modes  to  ascertain  the  validity  of  this 

data. ) 

* 
The word  interferogram Fo ured  here  interchangeably  with  hologram  since an 
interferogram i o  a special  case  (on-ai#  parallel beam) of a hologram. 
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Figure A-15 plodaL Contours Derived From Exposure i n  Figure A - 1 4 .  
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Figure A-16. Modal Contours Taken From SAMIS Program 
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Figure  A-17. I n t e r f e r o g r a m  of V i b r a t i n g   M i r r o r  a t  296 Hz 
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Figure A-18 Interferograms of Vibrating Mirror 



A m 3  RELATION BETWEEN WDAL CONTROL LAW AND MIRROR  STIFFNESS CONTROL LAW 

This  section will show  that when the  number  and  placement of con- 

trolled  displacement  points  and  sensing  points  are  identical,  the  controller 

design for  perfect  decoupling  is  the  same  whether  the  modal  control  approach  is 

used or whether  the  original  control  law  is  used. The original  control law 

used  the  mirror  system's  stiffness  matrix  to  cancel  the  displacement  interaction. 

The difference  between  the  two  systems  is  that  the  modal  control  law  takes 

into  account  displacement  error  between  the  controlled  points  while  driving 

the  lower  mode  amplitude  to zero; the  stiffness  control  system  drives  displace- 

ments  at  the  controller  to  zero  without  regard  to  displacement  error  between 

the  control  points. 

To show  the  relation  between the two  methods let  us consider  the  modal 

control  approach.  Following  Creedon's  notation we may  expand  the  figure's 

displacement, w, and  applied  loading, p , according  to 

where f /u i  (x,y)] is  the  orthonormal  set of eigenfunctions of the  mirror 

and  support  system.  Their  corresponding  eigenvalues, A i ,  relate the mode 
amplitudes by 

C i =  > . a  
(i = 1,2,3,...rn) 

x i  
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or in matrix notation 

where E and 5 are  the mode  amplitude  column  vectors of dimension M x 1 = 58 x 1 

an3 A i s  the  eigenvalue  diagonal  matrix of dimension M x M = 5 8  x 58. Writing 

Eq. (1) in matrix  notation 

- 

where  each  column of (dimension M x M 58 x 58) represents an efgenfunction 

whose  components  are a mode amplitude  evaluated  at the  sensor points. 

From  equations ( 3 )  and ( 4 )  : 

c = A g  p -1 - 
- 

It  is  also known that  the  influence  coefficient  matrix, a (dimension M x M = 

58 x 58), relates  applied  load  to  resulting  displacement by 

E = P' = E (by Eq. ( 4 ) )  

Then 
- -1 - C = l  a _ P  

Equating  Eq.  (5) to Eq. (6) 

or 
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But since  the  eigenfunctions  form an orthonormal  set (not  complete) 

- t  
- u-' = - u (transpose) 

so that 

Equation ( 9 )  is  the key relation  between  the  two  control  methods. 

In the  stiffness  decoupling  approach  the  controller  is  represented by  the stiff- 

ness  matrix 

But  the modal  controller  according to figure 5-1 is 

where $is the  pad compensation  matrix  which  prepares  the load distribution 

to  be a scalar  multiple of a resulting  displacement  for any specific  mode. 

Since %=Et for  small  pads  (see  reference 2 ) ,  - 

Thus, the  modal  controller  matrix, fi , is  identical  to  the  stiffness  controller 

matrix, k if Dm= - A . Other  wise,  they  differ  by a scaler  matrix. 
-1 
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